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Abstract: A method and apparatus for endoscopic removal of compliant biological tissues utilizing an 
endoscopic ultrasonic (*) aspirator comprising irrigation and aspiration means, a P'^ ectac 
ultrasonic (^ transducer a first resonator such as a half-wave stepped velocity transformer a probe 
nSaseL d resonator such as a constant- stress velocity transformer, a blunt or 
tip of open channel means or restricted tubular means for ^^f^fS^S^^L 
material, and a capacitive fluid sensor to detect the presence of irrigation ^*l^J^.^fi%? 
within the instrument. The surgery is advantageously performed by operating the * e 10-20 

kHz range to achieve maximum cavitation of the intracellular fluids in the tissues to be removed. 
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Background and Summary 

BACKGROUND OF THE INVENTION 
1. Field of the Invention 
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2. Description of Related Art 

. . • /a\ ^irat™- Hereinafter "EUA" 1 ) of the present invention is particularly useful 

or other orthopedic surgery, 
than about 25 mm. 

A unit of measurement known as the French is frequently used to denote circumferential size. A sheafli size 
£ "encnTs SSesfce sheath's diameter in millimeters. Thus, a sheath having a arcumference of 30 
mm has a diameter of 30 /.pi.=9.55 and a French size of 9.55.tunes. 3-28.65. 

Since the 1950's TUR has been the procedure of choice for removal of the diseased prostate gland. In one 
conven ional procedure the patient is placed in the conventional lithotomy position under spinal 
^^^^^^toscopcvnOx a light source, a telescope, a cutting electrode, and a source of 
Siuous WgTont inserted intoAe urethral advanced to the vicinity of the prostate gland, where 
SSSJJSSe - gained through the urethral wall. The cutting nd rear 

mounted at the end of a slidable shaft for antegrade and retrograde motion; that is, toward the front ana rear 
of the patl7The electrode is supplied with a pulsed RF current which both cuts and cauterizes t, sue. The 
shaS if 5S- toS toward the rear of the patient and is repetitively drawn forward by a trigger-like 
lever as the electrode slices off small slivers of prostate tissue. 

As the tissue is sliced off it is washed into the bladder by the continuous irrigation which fills the bladder 
about every 5 minutes. The accumulated water and debris must be removed periodically with a suction 
See 3 as"e Ellik evacuator, which has a squeeze bulb coupled to a ^^^^ 
resectoscope is removed, the bulb is compressed and the plastic catheter is inserted to the operative site. 
Then the bulb is expanded to draw out the water and tissue debns. 

This traditional procedure has a number of disadvantages that the present invention is intended ^to avoid^ In 
order for the surgeon to view the operating site, the EUA must be provided with some type of viewing and 

been found mat, at the present level of optical technology, an adequate endoscopic 
S of SSke) Procedures requires an optical relay lens system that uses lenses with a diameter of 
Si ll^fcfflS toe lenses must be mounted within a rigid tube mat also ^JX^HSder 
fibers, the total diameter of the finished telescope typically measures about 4 mm A^ihonally, in ord er 
for a hollow ultrasonic (*) tip to remove firm prostatic tissue at an adequate rate (typically from about 5 to 
about 10 grams per minute), the bore of the tip must also be about 4 mm. 

In an endoscopic aspirator, both the telescope and the tip are placed side by side within a shea^When the 
endoscopic aspirator is inserted into a patient's body, the sheath protects the mounding tissue from 
contacting the Ultrasonic (*) tip which vibrates not only at its surgical (*1 extremity but also along its 
entire length. 

The use of a loop-shaped electrode for cutting requires antegrade cutting so that removed tissue does not 
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and the ™y sphincter, "** *? "* SUr8eon ' s rim ™" b = 

cutting current can be Circuited aw^X *e wo J S.S ^ " " U!Cd ' «" 

hemolysis. y WOrK * 1 he fluid must be isotonic to avoid intravascular 

elastic extension of the u«£ whic ^1, , if k 2? ° f ^ Sheath ° f ^ EUA is l ™™ by the 
prefer to use sheaS s^ F-ch). Surgeons, however, 

contracts of the urethra following excessive ^osS^Z *" ° CCUrrenCe ° f Stnctures or 

^^^^S^^t^^r^ thCSe diS3dVant ^ itamikn tissue 
«.lt,ason,V^ instru n t " b ^ P a vS.t T^ 0 " ""J™ 0 * 81 °' biological tissue.lSw^7n7 
ioT^Ieb transuSal ^^^ to i^%!T ,, ™ t though a narrow orifice, 

long, slender probe capable of susbSSS«SiTM t f ° P ?" Clpal faiIings - First > w ^s no 
necessary for removal of such ssue ? sf c^ffflf? * the high tip velocitles that «« 

is by ujtjasomc^ vib^^^^o^"? "S^, ^ m ° St £fficient tissue re ™ val 
preferably be in Ae 10-20 kHz ranT aftho, p! l/ I hm ^ ^ Such vibrations should 

will be employed hereir oS all te lf may be used. The term " ultrasonic r T 

range. ^ '° 311 the fre of interest, including some frequencies in the audible 

constructing an „n£Sg SSSScZoS^'S "^T^ skiii:: ^^°n 

withdraw fluid or other material J . f u 0nnecte i 1 10 a s > nn e e wluch •« adapted to inject or 

the exponential ^ W^^e^ rf^?^^ ^ 3 ^ transformer of 
microns. P frequency of about 25 kHz with a Up excursion of about 10-100 

since the belief at the time was IhaS Si ~ IST^T " UnM * le 0n sofl ' taiMe *»« 
1»* appals operates „ about £S£3S TCSSS^JSS^ 

mmzmlZ energy has atso empi.yed to cavitate a ,i,uid medium to burs, and dear., suspended 
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microorganisms for either sterilization or extraction of the protoplasm. This technique typically employs a 
solid round metal horn immersed in the liquid medium and vibrating at perhaps 20 kHz with a stroke of 
about 20-40 microns. It operates by cavitating the water around the cells, rather than the intracellular water. 

Prior patents have disclosed surgical ^ instruments in which ultrasonically vibrating tools remove 
unwanted biological material while providing irrigation of the work area and aspiration of fluids and 
removed material. See, for example, U.S. Pat. No. 2,874,470 to Richards, U.S. Pat. No. 3,526,2 9 to 
SZuJi U.S. Pat. No. 3,589,363 to Banko and Kelman, and U.S. Pat. No 4,063,557 to Wuchimch et a . 
The Richards device is a dental instrument which operates above the audible range, preferably at about 25 
kHz with an amplitude of about 10 microns. In the Balamuth '219 device, a sharp-edged tool vibrating at 
about 25 kHz directly contacts tissue to "chop" it. In the Banko and Kelman '363 device, a thin-walled 
tubular tip which vibrates with an amplitude of about 50-70 microns breaks apart and removes relatively 
hard biological material such as cataract material in the lens of the human eye. The Wuchimch et al. 557 
patent discloses a device for removing compliant tissues such as neurological neoplasms, employing a 
magnetostrictive transducer which vibrates at about 25 kHz with a stroke of about 25 microns. A stepped 
and tapered mechanical transformer increases the stroke to about 125-400 microns. 

None of these devices has been capable of providing sufficient tip velocity and a long and narrow enough 
probe to perform endoscopic surgery. The greatest insertable distance available with prior ultrasonic 
surgical (*) instruments has been about 7-8 cm. More particularly, prior devices have been unable to exert 
sufficient sound pressure on compliant cells in a biological tissue structure such as a glandular tumor to 
produce cavitation in the intracellular fluids of the cells, or to disintegrate them m any fashion. 

SUMMARY OF THE INVENTION . 

The prior art devices being ineffective, it was desired to improve the speed and efficiency of tissue 
removal, and provide a vibrating probe longer and faster than was previously available for endoscopic 
surgery. 

Experiments by the inventors have shown that the effectiveness of ultrasonic ( A ) vibration on biological 
tissues is related to the water content of the tissue. Tissues that have been allowed to dehydrate are much 
less amenable to attack and removal by vibration than those that are fresh or have been kept moist. It has 
also been seen that the walls of blood vessels or the connective tissue overlying muscles and bram tumors 
are not affected by an ultrasonically vibrating tool nearly as much as soft, fleshy specimens such as 
neoplasms, or muscle tissue. Since the intracellular water content of the unaffected tissues is much lower 
than that of the tissues that are affected to a greater extent, this "tissue-differential" or "tissue-selective" 
effect seems to be related to the water content of tissue. 

The present inventors conceived that the tissue-differential effect could give ultrasonic ( A ) aspiration a 
unique advantage in endoscopic surgery, since the undesired tissue could be removed without asking 
injury to other structures under difficult conditions of visibility and access to the operating site. 

Because of the relationship between tissue removal and water content, the inventors hypothesized that the 
physical mechanism causing the parting of tissue was the destructive effect of intracellular cavitation, i.e., 
the formation, due to rapidly varying pressure, of microscopic vapor bubbles in the intracellular fluids. For 
a given level of pressure in a fluid, the degree of cavitation is determined by a number of the fluid's 
physical properties, for example temperature, surface tension, viscosity, vapor pressure and density. Very 
important is the dependence of cavitation upon (1) the applied pressure, and (2) the frequency at which the 
applied pressure oscillates. Studies have suggested that the intensity of cavitation in water increases as the 
frequency of vibration is lowered. This hypothesis was tested by setting up two transducer tips having 
exactly the same size but providing different frequencies of pressure oscillation. Since the pressure 
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produced by oscillating motion is proportional to the velocity of this motion, both tips were operated with 
the same velocity at the point of tissue contact. One tip vibrated at 40 kHz, while the other vibrated at 20 
kHz. On the same specimen, the use of 20 kHz vibration approximately doubled the rate of tissue 
removal-confirming a relation to cavitation, and disproving any suggestion that tissue fragmentation could 
be enhanced only by increasing vibrational amplitude or acceleration. Similarly, it was found that the 
cavitation rate again doubles when the frequency is further lowered to 10 kHz. Below a threshold of 10 
kHz, the rate remains constant. 

There is also a pressure threshold, below which it is not possible to cavitate a given fluid. This threshold 
also decreases with frequency down to about 10 kHz, below which the pressure threshold does not decrease 
further. 



For these reasons, the frequency regime preferably embraced by this invention extends from 10 kHz to 20 
kHz, and thus encompasses part of the aural spectrum, although of course lower or higher frequencies 
could be used. It was previously assumed that the use of audible frequencies would be irritating and 
dangerous to the surgeon and that the frequency should be restricted to the inaudible range above 18 kHz. 
Longer wavelengths were also discouraged because a half-wavelength transducer at 20 kHz would be about 
5 inches long, approximately the maximum length for convenient hand-held use. 

However, the present inventors have found that in an endoscopic device different considerations apply than 
those previously known to the art. In endoscopic surgery most of the vibrating components are placed 
within a natural body orifice, such as the urethra, so that the radiation of aural sound is greatly damped by 
the intervening body tissues. In some percutaneous applications, such as arthroscopic surgery, while only 
part of the instrument may be placed within tissue, the sound radiated from the exposed parts is minimal 
and can be effectively limited if desired by the use of absorbing sheaths and enclosures over the transducer 
and a portion of the tip. 

Even with the use of the most advantageous frequencies, the maximum possible tip velocity should also be 
employed to further enhance pressure and hence cavitation. Since pressure is related to the velocity of the 
transducer by the conventional formula P=ZV, where Z is the acoustic impedance of the fluid, the 
relationship between cavitation and pressure translates into a direct dependence of cavitation upon velocity. 
Cavitation is believed to be relatively independent of both the acceleration and the amplitude of vibration. 

Velocity cannot be increased without limit, however, since there is a definite physical limit to the velocity 
at which robes or tips made out of known materials can be safely vibrated. The mechanical stress at a given 
point within a vibrating tip is directly related to the tip velocity at that point. Increasing the tip velocity 
correspondingly increases the stress within the tip until it exceeds the strength of the crystalline bonds 
within the tip material and the tip fractures. Special designs can be developed to permit great tip velocities 
for a given maximum stress, but prior art designs have invariably increased the cross-sectional size of the 
tip and have been difficult to fabricate. Therefore, in addition to lowering the frequency of vibration, an 
important object of the invention is also to increase the cavitation rate by providing improved apparatus to 
enhance the available tip velocity without exceeding the maximum permissible stress on the tip material. 

For a regular structure, such as a tube with constant cross- section, the tip velocity at a given point is 
related to stress according to the equation s=pcv, where v is the velocity (distance per unit time), p is the 
density of the material of which the tip is made (mass per unit volume), c is the velocity with which 
extensional sound waves travel in the tip (distance per unit time) and s is the stress is the tip (force per unit 
area). For titanium, which is capable of bearing the greatest stress of any commonly available material, the 
above relation means that maximum permissible velocity is approximately 1270 centimeters per second. 
However, it is known that effective removal of living tissue preferably employs velocities of at least about 
2540 centimeters per second. 
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To improve tissue removal, greater tip velocity may be obtained by use of a velocity transformer having 
non-uniform cross-section. The equation above applies only to uniform structures such as tubes having a 
constant cross-sectional area. If the tube is made non-uniform, the equation is modified by a shape factor 
M sometimes called a figure of merit: ##EQU1## Depending upon how the alteration is made the hape 
factor Either increases or decreases the available tip velocity for a given maximum stress. Of interest here is 
finding a tip design whose shape factor is greater than one. 

It is clear from the modified equation that for a given maximum allowable stress, the tip velocity may be 
increased over that obtainable in a uniform tube by a factor of M. 

There are a variety of tip designs in which the tip's cross- sectional area varies with respect to its length to 
provide a value of M that is substantially greater than one. For example, exponential tips whose 
cross-sectional area varies along its length as 

Area=A.sub.o e.sup.-aL 

where e is the natural base, Ao and a are constants and L is the distance from the point in question to the 
eTd o f me tip, can theoretically provide a shape factor equal to eor 2.7. However, to obtain this value of M 
Requires that the tip begin and end with drastically different diameters. A tissue removal g 
an exponential design with a shape factor of 2, which could safely produce a Up velocity of 25.4 • m/sec 
would begin with a diameter roughly five times that of the surgical (*) end. In an endoscopic deyic > that 
must extend several inches into a narrow body orifice, an exponential design is impractical. If built to 
accommodate the limitations of human anatomy, its tip would be too small to remove tissue at a practical 



rate. 



It has been found that the most space-efficient design for increasing the value of M from 1 to 
approximately 2 employs the use of a constant-stress velocity transformer coupled to a constant-diameter 
velocity transformer. In a uniform tube executing extensional vibration, the stress obeys the relation 

s=sin .pi.x/L 

where x is the distance to the point in question from one end of the tube, and L is the total length l of the 
tube It can be seen from this relation that the stress is maximum when x=L/2. Thus it would be desirable 
to provide at the working end of a surgical O probe having length L/2 a further section with varying 
cross-sectional area, so that for values of x greater than L/2 the stress will remain constant at the maximum 
permissible value. 

Also, such a design would produce the greatest possible extension for a given maximum stress. Since 
Hooke's law dictates that the extension of each portion of the transformer is proportional to stress, and 
since the stress is constant, the extension linearly increases along the tip length beyond its midpoint. 

It will be shown below that such a tip, in the region designed for constant stress, has a cross-sectional area 
obeying the relation 

Area=Be.sup.-by2 

where B and b are constants and y is the distance from a given point to the end of the tip. This 
mathematical function is known as the Gaussian function, after the mathematician Gauss who studied its 
properties. Consequently, the constant-stress tip will be referred to as a Gaussian resonator. Gaussian 
resonators provide a significant improvement over any alternative design since they can be made with 
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diametos that can be accommodated by the human anatomy with a sufficiently large tissue contact area 
and aspu-auon port to permit efficacious tissue removal, and can exhibit a shape facto of 2, 
SJl P^ ctlca »y attain a velocity of 25.4 meters per second in an endoscopic or pereutaneoufdevice 
Further, the Gaussian design does not require a wide disparity between the two end diameters. 

The cross-sectional area progressively decreases along the length of the resonator so as to keep the stress 
" e not d0 s ° ^ close * the tissue-containing end of the tip. Since tta^ESoSS 
tins point, the stress ,s zero so the very end of the tip need not be designed to sustain the same stress but 
rather may be contoured and rounded to gradually lower the stress to a value of zero. 

The mathematical basis for providing a Gaussian resonator in the EUA is as follows: well-established 
acoustical principles establish the parameters that affect the maximum velocity available from slender bars 
undergomg ; simp e extens.onal vibration. For a uniform bar, with both ends free, the maxZm Sable 

$£5£ SSSS^ 10 v T 1 ™" 1 f eSS ^ *» materiaI 0f which *■ bar » niad™afely 
withstand ##EQU2## where V.sub.max .s the velocity (distance per unit time), S.sub.max is the safe 

stress l>m,t (force per unit area p is the material density (mass per unit volume), and c is the vekSy with 

winch extensions waves ravel m the material (distance per unit time). Since metals are the onS practkal 

matenals capable of sustaining the high-level acoustic vibration of interest, and since c i ^ apprSS^ 

J T/ t w 1 tbese ™ taIs ' t0 ° btain ,he krgest possible vaIue of V ' s »b-™*, a material sh™ 
se ec ed that has the highest possible strength-to-weight ratio (S.sub.max /P). This material has been well 
established to be a.rcraft titanium. The safe value of vibrational stress has been determined by 
experimentation to be one-third the value of the yield stress (the stress at which the metal begins to 

EE? } ' V - SUb - maX " COmpUtCd ^ thC appr0priate Values of S.sul mlc" 1 c, it is 

V.sub.max =1219 cm/sec. (2) 

for a uniform bar of aircraft titanium. 

However, this velocity provides only a small degree of soft tissue dissection, even when the frequency of 

2 is desirable to effectively disintegrate such tissue. Consequently a velocity transformer is desirable 

S l aP ZT " T 16 ^ L! he VaIUe ° f V - SUbmaX With0ut increasin S the st™ atTe 

wfth^I I 68 ''? 16 ' 7 ^ , end ° SCOpic devke ' for this velocitv transformation to be accomplished 
T 1 Channel Prefer3bly ab0Ut 8 mi "™eters in diameter, of which about 4 millimete 1 

o^g^ 

bn G E fotoTeA 1 ^ 0 * 6 /^ 1 ,^ 0 ' 11 ]' consis ting of a uniform section one-quarter wavelength 

long followed by an integral second section of length L; FIG. 2 illustrates various possible stress 
distnbut.ons ,n this bar for different hypothetical cross-sectional variation^ ofTe second Son The 

ixTs suTrnTs! 0 n ft °? e SeCti0 " Can be Written as ##EQU3"# wlere ^ 
ctsn^w yS, !^^ 18 6 ° f Vibrati ° n (CyCleS per of time )> ** E is ^ elastic 

~ ^mSLm 1 " s ( ? rc T: T tarea) - ^ ^ velocity distribution along section can be 

T^wtsiZ S s , d !f butl0ns u ^ Cecity at any point is proportional to the area under 
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subject to any force. 

^ is no limit » <he "> «» l"r,^to^l^«*« 

device. 

structure, without varying the cross-sectional area. 

Gaussian function: 

E+E.sub.o e.sup.-n (2.pi.fx)2/2, (10) 

where E(x=0)=Eo Thus, the elastic constant E decreases from the vibration input to the free end of the 
wnere z\x v) Mmm \ina <5inre <3M=S sub max in a constant-stress system, 

!^ ante these conditions than in a system in which cross- sectional area is varied to ac hl eve 
constant-stress conditions. 

According to one aspect of the invention, high-frequency vibration apparatus » S0Urce ' 

for vTbrSwith a first amplitude, a first transformer for amplifying the ^"^ISSlowtod 
tLformerfor amplifying the vibrations of to first transformer ^^SS^S^^A- 
and when vibrating having a substantially constant mechanical stress level in substantially an 01 us ic g 
SSZtaer may have a cross-sectional area that varies from its input end to its output ad so 
aJto provide S substantially constant mechanical stress level. The cross-sectional area of the second 

according to the Gaussian function. Alternatively, 
S may be provided without varying the cross-sectional area by varying the elastic constant of the 
material of the transformer, or both the elastic constant and density of the material. 

A further form of the invention includes a handpiece, a vibration source ^^^^^J^ 
wavelength and with a first amplitude, a first transformer for amplifying vibrations from the vibration 
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and the matter to be removed from the operating site. 

Employing the invention in transurethral resection of the prostate achieves many benefits such as (1) the 
tissue-differential effect, (2) a thermal cauterization and an absence of necrosis, which should greatly 
accelerate healing, (3) retrograde motion of the instrument permitting direct visualization of the procedure, 
(4) capability of removing bladder stones or the like, and (5) reducing the duration (and hence increasing 
the safety) of the procedure by increasing the tissue removal rate and permitting continuous operation. 

The tissue selectivity of the endoscopic ultrasonic (*) procedure reduces the risk of piercing the prostate 
capsule or bladder unless the instrument is forced by the operator. Any obstructions such as blood vessels 
are easily felt by the operator in that the handpiece is directly mechanically connected with the working tip, 
leading to an inherently safer procedure that can be used with less training than the prior procedure. 

The ultrasonic ( A ) procedure also causes minimal microscopic tissue distortion, allowing more precise 
histological diagnosis. The aspirated tissue can be diverted quickly to a biopsy trap of the system and 
removed for analysis. A further advantage is the elimination of electrical currents passing through the 
patient's body, avoiding the risk of shock effects, bums, or the obturator nerve reflex. 

Employing continuous aspiration of the debris and water shortens the operative time to as little as one-half 
hour This results in diminished operative bleeding, as well as generally decreasing operative risk to the 
patient. Further reduction of bleeding results from the cauterization effect of the friction of the moving tip 
on adjacent tissue. 

Also using ultrasonic ( A ) tissue removal combined with continuous irrigation and aspiration permits 
retrograde cutting, giving the surgeon better visibility of what lies in the path of the cutting edge. Since the 
pieces of removed tissue are small they are easily aspirated, permitting the surgeon to take one continuous 
cut with good visibility for any length of prostate tissue to be removed. 

The present invention also relates to an endoscopic ultrasonic ( A ) aspirator with a tip having a reduced 
circumference which also provides the surgeon using the aspirator with an increased view of the operating 



site. 



The invention further relates to an improvement of an endoscopic ultrasonic ( A ) aspirator of the type 
which includes a resonator having a vibrating tip for removal of biological material, means for delivering 
fluid to the tip, means for removing the fluid and removed biological material, and means for viewing the 
operation of the vibrating tip. This improvement comprises open channel means connected to the resonator 
tip to facilitate viewing of the tip during use and means for supporting the open channel means and forming 
a passage to assist in the proper operation of the aspirator as to the removal of the fluid and removed 
biological material. If desired, the entire length of the resonator can be configured and dimensioned in the 
form of open channel means so that the viewing means can be partially received, held and supported by the 
open channel means, thus minimizing the size of the aspirator. Preferably, the open channel support means 
is a resilient plug and the channel means has a U or V shaped cross section. 

According to a preferred embodiment of the present invention, the tubular ultrasonic ( A ) tip of the 
aspirator is cut open along its length. The telescope is then suspended within the cut-out portion of the tip. 
The end of the ultrasonic ( A ) tip thus has a U shape in cross-section with the telescope being suspended 
within the U. As a result, the under- surface of the telescope partially closes off the opening of the U 
shaped tip so that a cross-section of the opening at the tip near its operational end has a crescent shape. 

Because the telescope is partially inserted into the end of the ultrasonic ( A ) tip, the overall circumference 
of the end of the aspirator of the present invention is less than that of the end of an aspirator in which the 
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Detailed Description 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

extends from the handpiece 20 toward what wT in? t f ° 35 the rear end of ^ device A sheath 22 
assembly 24, integral with the she"? 22 ^Islltl* * 33 W ° rki " g end of the device A stop 

2l a whic a h nd the , stop and ^SSSXSTS SfT h -- 11 r handpiece is pre ^ ab, y 

28 which runs horizontally from the rear end tn t ? iy meta,> The EUA also includes a straight telescnn/ 
the handpiece 20 contains'an apeiure 15 S^SS 8 ^ ° f 40 EUA " A h ™al uppi ty 0 f 

Ang ; 

J^nthehandpiecewithout^ 

SSads t" 1 r r f ■ faC, " S ^ 34 - ^h^affiT? an ? aS / drCUlar aperture » S ear 
threads 36 winch are adapted for screw-mountine i. tlw 1 £ ° nVard end and has outward-facine 
portion 38 with annular faces 40 and 4?S S 11163(35 34 111 st0 P 24 - The stop 24 has a foS 
screwed into the rear aperture 30 of the I fac ™ard and forward, respectively The ha'dZ 
front face 42 of stop tol^S*™* « C °™ **> ™ wi^h^S'I 

inserted mto a surgical^ ori fice. the WOrlan S end of sheath 22 of the EUA can be 

'p^^^^fS^^^ 52 -PPl^ electrica, energy to an 
the working end of the EUA. The desim oX t. °° pe extends forward in a straight line of S*t ,n 

includes a cylindrical lens svstem ST , ? leSCOpe 18 shown in more detail in FIG if iSrf 8 
surface 58 of the cylind^ f ^portion oV^fcyLS fi^T 

^ enS ? yStem dis P° sed optical fibers 60 IZhr rTt^ between the inner surface 58™nd 
of the telescope. Other illumination source llfefl the light SOUrce 54 *> the woSend 
he telescope 28 is approximately 3^3^^ In ^ s ^odiment, the outside d££ of 
1-7-2.7 mm, depending on the size of the ovTralfteSpe 28 ^ SyStem 56 is perha P s 

transformer 72 having a relatively thick 2 ' 65 3 piezoe,ectric transducer 70; a first veS 
vibrational energy therefrom, and Se^ n a ? SeCt, ° n 74 C0UpIed to forwSS^ 
sect™ 74; and, integrally connectS to aSS^TS* ^ 76 CXtending *™JJ ofSSSut 
transformer 78, which extends from tne *£Z^f£Z ° Utp * Section 7 °> a second ve'loci y P ' 

tput section 76 to the working end of the EUA and proLes 
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slightly beyond the sheath 22. The transducer's length ,s subs anf ally one-half of A^Mte 
vibrations employed in the device. Thus, the transducer has vibrational ant mod* (loops) at Us ends and a 
vibrational node halfway between its ends. The length of the curved input section 74 of the firs 
trSrntei 7 is one-quarter wavelength; thus, its point of connection with toe transducer 70 is an 

T ^Ja Z nnint of connection to the output section 76 is a vibrational node. The length of the 
SEaSS SSSKSSjSt Thus L antinode is at the center of this section, and a node exists 
where it is connected to the second velocity transformer 78. 

The second transformer 78 is of the Gaussian type described above. As seen in the schematic graph in FIG. 
^ere SSoSdinal extension and little stress in the input section 74, because ,t is relatively 
m2ve andTsubsSkl amount of its vibration is fiexural. Stress is high at both ends of the output 
^ZTofta St "former but is zero at its center point, which is a vibrational antinode or toop w th 

t^SSS^M near the tip 80 is substantially zero, since there ,s ord.nanly little or no load on 
the tip. 

As seen in FIG 6 the second transformer 78 and also the output section 76 are not round. Rather flats are 
fonS i th top and bottom of these members to provide ample water passages without .substantiaHy 
Sng flSr vibratory characteristics. The central bore 110, however, is substantially circular, with an 
inside diameter of perhaps 4.33 mm (13 French). 

The working end 80 need not lie in a vertical plane as shown, but may be angled or otherwise shaped if 
desired in a particular application. 

The combined length of the output section 76 and the second transformer 78 is advantageously about 19 
cm If desS Ucould be lengthened by any integral multiple of one-half wavelength, which at about 20 
kHz is about 13 cm. 

A oiezoelectric transducer such as is used herein typically has a maximum vibration amplitude of about 23 
S^SSS^m of interest, tip vibration at the necessary velocity entails an amplitude of about 
350 microns. The resonator assembly 68 provides this 15-fold increase in vibrat.on amplitude. 

A groove 90 is formed in the top of the transformer input section 74 and is si zed to accommodate the 
telScope The groove 90 permits the telescope to be located closely parallel to the ransformer sections 76 
" within the forward end of the sheath, without interfering with the input section 74, to achieve a 
compact and narrow sheath. 

The letter R in FIG. 5 A refers to the radius of curvature of the curved input section 74. This radius must be 
smallVnough so that the handpiece is curved far enough below the line of sight of the telescope desirably 
at least about 20 degrees, to achieve a compact and easily handled unit. A radius R, °^ bo J 5 cm 
advantageously gives an angle of about 40.degree.. At an operating frequency of 20 kHz , 5 cm is about u.z 
times the wavelength. Preferably, the radius R should be no smaller than about 0.1 times operating 
wavelength to avoid excessive energy losses. The radius should also be less than about 0.5 ! times toe 
wavleng* in order to give a usable angle of offset of about 20.degree. over the length ^W^™ 
74, which is about 6 cm. The curvature of the input section is not necessarily circular; thus, the radius K as 
defined herein is an approximation. 

FIGS. 5C and 5D show alternate resonator assemblies 68c and 68d. In FIG. 5C, a first transformer 72 is 
coupled to a transducer 70. As in the previous embodiment, the first transformer is a half-wave stepped 
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^edgesofthe^ingendofthesec^tra;^ ^X^^^^ ^ 
^important for any tr«^^ 

by fluid flowing in the spaces 98 and ^^^SSSS^S mnning reaWard along the 
purpose, a fluid ^frt^^JS^^SSS^- The wire 124 runs through the hole 
telescope, and separated from the | A""* *pac e 98 by me pan Qf ^ 

114in me sealing ringll2, and ^ 

handpiece. The wire could also be set mto a ^e erUier in me P ^ ^ tQ fluid if 

telescope, or in the bore that ^S^^^ J2 ^interfere with the seal provided 
appropriate *^?V^^^^^bo O-ring 1 20 to the exterior of the handpiece, 
by the sealing ring 1 12. The wire 1 24 men passes freauencv powe r supply circuit to sense the 

F,0. 9 S h=w S el— of an .,«,». »^ i ^ fl ^ i ^^^^^^« OT 

However, there cannot be more than about 250-500 rmcroM or separ* j f me 

The BJtr^lc^ generator and related circuitry for powering and controlling the nJMM^l 
transducer 70 are shown in FIGS. 10A and 10B. 

The transducer 70 includes an elongated toroidal pie^electric J '^d 

high-voltage electrode 84 and an annular ground electrode 86 the ^ th * f the 

elLode 86 is electrically connected to *^^^^^^^ZoOy transformers, 
transducer 70, lining the aspiration passage 1 M^^g^g^* the ends of the transducer and 
The transducer is insulated by cylindrical insulators 88a, 88b, 88c locatea at me 

between the electrodes 84 and 86. 

The piezoelectric transducer and tip are driven by the generator ^^T^^^ 130 - 
It is enereized by an AC signal whose magnitude and frequency are controlled by a DC to al ^mvene 
132 SSeSr converts** input DC voltage to an alternating current signal ha ^X!ZSby a DC 
conned by an AC signal suppld to its frequency control input 1 4 anda 

voltage level supplied to the inverter at its magnitude contra input 136 ^ Ued at the 

inDUt 134 is the frequency at which the transducer is caused to vibrate. Hie s DL. vouage ,pp 

Input 136 Is that required to maintain a selected amplitude of vibration at the frequency of vibration. 

The exciting frequency and voltage are derived from a feedback signal obtained by adding two signals that 
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This DC output voltage is the source of power to the inverter 132. It is proportional to *e magnitude of the 
nwerte^s AC output signal, which, in rum, is proportional to the amplitude of vibration of the transducer 
TS^SSSSa loop maintains the amplitude of vibration desired by the operator regardless of 
me £^wn fiwn the inverter 132 by the transducer 70, thereby providing uniform performance in the 
S^ofSL as well as resistant tissue. Since the power available from the inverter is not 
EmS in3 Suitry is provided in this component to safely limit the maximum power consumption 
b7m 2£££. and thus prelude unsafe power demands through intentional or umn entional abuse If 
SweTuniVof the inverter is reached, the output vibration amplitude is automatically reduced. The 
wpZZ IsteSlshed at the control setting once the excessive power requirement has been removed. 

Also seen in FIG 10A is a capacitance sensor 162 which measures the capacitance between die 
™;^nrnb e 124 and ground When this capacitance increases substantially, indicating the absence of 
w£e S the vlcTry^sTrmers 72 and 78, the capacitance sensor 162 sets the input level at an 
^[SSeteverter 132 to a level that inhibits the inverter and terminates the AC output to the 

transducer. 

FIG 12 illustrates an overall endoscopic ultrasonic <") aspiration system. An irrigation fluid source ; 170 1 is 
locaied about 1-2 meters above the EUA. This distance provides sufficient hydrostat.c pressure to keep the 
bladder neither distended nor collapsed. 

Aspirated fluid and tissue passes through the aspiration hose 122 to a two-position biopsy valve 172 
On? nariiy, the debris will be directed by the valve 172 through a direct hose 174 toward the source of 
suet on However, when the surgeon sees suspected tissue of which a biopsy would be durable the valve 
172 c" beZwA to direct the debris to a biopsy trap 1 76. The biopsy trap is a watertight vessel having a 
transverse screen 178 through which the aspirated debris must pass. The desired tissue ^ ^"ap'dly 
collected on the screen and taken away for histological analysis. The biopsy trap should be relatively close 
to Ae EUA, for example about 0.3 to 0.5 meter. Because it is close, the hose 122 can clear very rapidly so 
that the biopsy material can be collected without unnecessary delay after the suspect tissue is spotted. The 
trap can also be kept sterile so that samples can be collected without contam.nating either the sample itself 
or the surgeon's gloves. 

The aspirated debris then passes through a line 1 79 to the main aspiration trap 1 80 The trap 1 80 is a closed 
vessel having an inlet 1 82 surrounded by a sock-shaped screen 1 84, which filters the debris After 
. filtration, tissue can be removed for medical examination in bulk. The trap has an outlet 1 86 away 
from the screen 184. 

The screens 178 and 184 are not particularly fine. Their openings may advantageously be about 1 mm 
square so as to pass blood clots, etc., without clogging. On the other hand, the screen gauge is selected to 
trap pieces of tissue whose size is about the same as the inside diameter of the working tip 80, which is 
about the dimenson of the tissue that is cored out of the organ being resected. 

After filtration, the debris passes through a line 188 to a venting valve 190. The valve 190 has a check 
valve 192, which opens and passes the pressure on the line 188 to a vacuum switch 194 if the pressure on 
the line 1 88 falls to a predetermined low level, which would indicate that the system is clogged. If the 
vacuum switch 194 opens, a solenoid 196 opens, and this opens a vent line 198, which vents the aspiration 
pressure to the atmosphere. 

Overall control of aspiration pressure is provided by a main valve 200 operated by a solenoid 202. 

Pumping is provided by a peristaltic pump 210. Waste aspiration fluid is received in a collecting vessel 
220. 



FIG. 13 shows elements of an alternate generator for driving the EUA in electro-cauterization of tissue. A 
double-pole, two-position switch 230 is provided for selecting the source of the signal to be applied to the 
transducer cable 130. In one position the switch selects the transducer drive signal across capacitors 
C.sub.l, C.sub.2 in the generator system, as discussed previously with reference to FIGS. 10A and 10B. In 
the other position the conductor and coaxial shield of the cable 130 are tied together and connected to a 
radio-frequency source 232. The RF signal is advantageously a pulsed RF current with a peak amplitude of 
1500 volts. The waveform is a sharply decaying damped sinusoidal waveform with a frequency of about 
500 kHz. The pulse repetition rate is about 20 kHz. To complete the circuit from the RF source to ground, 
a grounded dispersive electrode 234 is placed in contact with the skin of the patient. The surface area of * 
contact should be as great as possible to prevent burns and shock effects. Thus, RF provided to the tip 80 
passes through the patient to ground for endoscopic tissue cauterization. 

The generator advantageously has the following operator controls: on/off foot switches for vibration, 
aspiration, and light; continuous/pulsed ultrasonic (*) vibration mode; vibration amplitude; and optionally 
a switch 230 to connect the EUA to an RF source. 

Referring to FIG. 14, the operational end of the open channel endoscopic ultrasonic ( A ) aspirator generally 
designated 3 1 0, comprises a telescope 3 1 2 and resonator 314. 

Telescope 312 is mounted within a hermetically sealed tube or upper lumen 316. Telescope 312 includes a 
cylindrical lens system (not shown) and at least one optical fiber (not shown) which transmits light from a 
light source to the operating site at the end of the telescope. Other illumination sources may be used. The 
cylindrical lens system allows the surgeon to view the operating site through an eyepiece at a point far 
removed from the operating site. 

Resonator 3 14 is located within another hermetically sealed tube or lower lumen 318. Resonator 3 14 is a 
tube which is cut open from its working end at least to node 332 of aspirator 310. The significance of node 
332 is discussed in detail below. Alternatively, resonator 314 may be cut open along its entire length. As a 
result, the cut portion of resonator 314 is in the form of a channel having a U shape in cross- section. 

When the resonator 314 and lower lumen 318 are cut open along their entire length, the telescope 312 is 
suspended partially within this opening, and an aspirator of minimum size is achieved along its entire 
length. Casing 320, made of a rigid material, serves principally to maintain the telescope 3 12 in proper 
position over the cut portion of resonator 314 and lumen 318. 

The opening of the operating tip of the resonator 314 does not affect its ultrasonic ( A l performance 
provided that at least half the tip remains. Dissection rates are unaffected since only the lower half of tip 
contacts tissue in normal usage and the tissue slivers removed by ultrasonic ( A ) dissection using complete 
tubular tips are never the size of a full bore diameter. 

In one embodiment, the resonator 314 is cut only to node 332. Thus, the operating portion of the aspirator 
is of smaller size than the opposite end which contains lumen 318. As shown in FIGS. 14-18, the tubular 
casing 20 surrounding the telescope 3 12 and resonator 3 14 is not round but is oval in shape to maintain the 
circumference of the EUA at the preferred minimum range. The oval casing provides accommodation of 
working implements within the smallest possible perimeter. 

Upper lumen 316, in which telescope 312 is housed, fits into the opening at the end of resonator 314. 
Lower lumen 3 1 8, like resonator 3 1 4, is a tube which is cut open from its working end at least to node 332 
of aspirator 310. Lower lumen 318 is fastened to upper lumen 316 by two beads of adhesive-sealant 326, 
such as an epoxy, so that upper lumen 316 fits into the opening of lower lumen 318 as shown in detail in 
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FIG. 176. Upper lumen 16 and lower lumen 318 can be made of any semi-rigid material; however, when 
upper and lower lumens 316 and 31 8 are made of an electrically insulating material, upper and lower 
lumens 316 and 318 electrically isolate resonator 314 from the remainder of the aspirator 310, the patient 
and the surgeon, so that an electrocauterizing current can be safely applied to the resonator 314. 

In order to maintain the tip of resonator 314 adjacent to and in close proximity to upper lumen 316, plug 
322 is inserted into lower lumen 318 between the lower surface of resonator 314 and the upper inner 
surface of lower lumen 318. Plug 322 is crescent shaped in cross-section so that its surfaces engage the 
lower surface of resonator 314 and the upper inner surface of lower lumen 318, and cause upper lumen 316 
to be positioned within the opening of the U shaped tip of resonator 314 as shown in FIGS. 14 and 16. In 
addition to maintaining the position of the tip of resonator 314 adjacent to upper lumen 316, plug 322 also 
helps seal the cavity of the aspirator 310 between the lower surface of upper lumen 316 and lower lumen 
318, leaving the aspiration channel 328 between resonator 314 and upper lumen 316 as the only opening 
into that cavity. As shown in FIGS. 22 and 23, a further seal 346 is located at the transformer input section, 
and this completely prevents the removed material from contacting the remaining parts of the aspirator. 

Even without plug 322 in place, however, fluids would enter the channel at the point of tissue dissection. 
Since there is a very small clearance between the resonator 314 and upper lumen 316, flow is principally 
restricted to the end of the tip. The hydrodynamic resistance presented to flow below or outside of the 
channel is greater than the resistance of the open channel and therefore, substantially all flow will take 
place in the intended manner i.e., by suction through lower lumen 318. * ■ 

Plug 322 is preferably made of a material that will yield when brought into contact with the ultrasonically 

vibrating tip of resonator 314. Illustratively, plug 322 is made of an epoxy or polyester resin, a 

thermoplastic or elastomeric material. By using such yielding materials, any mechanical interference 

between plug 322 and the ultrasonically vibrating tip of resonator 314 is minimized or removed completely 

by physical abrasion after the tip of resonator 314 has begun to vibrate. During operation, tissue aspiration 

proceeds in the same manner as if the tip were a closed tube. Furthermore, since the dissecting edge of the 

tip appears as a "U" to surgeons viewing this edge through the telescope 312, direct vision of the entire 

cutting surface is possible. Such a desirable view cannot be obtained using a closed tube aspirator tip. ^ 

Use of an electrocauterizing current may prove an advantageous adjunctive procedure in endoscopic 
ultrasonic ( A ) surgery. In electrocauterization, a metal tip, loop or other surgical ( A ) probe is connected to 
source of high voltage radio frequency current generated by a spark gap oscillator or a generator that 
produces the same pulsating flow of electrical current that is characteristic of such oscillators. When the 
probe is brought into contact with tissue, this current flows through the tissue from the point of contact to a 
large collecting electrode placed under the patient and in direct contact with the skin. 

When the ultrasonic ( A l tip is effectively insulated from the telescope and sheath, it is possible to not only 
apply the electrocauterizing potential directly to the tip, but also, if an insulated transducer is employed to 
vibrate the tip, to simultaneously apply both ultrasonic vibration and electrocauterization in an 
endoscopic instrument for the purpose of dissecting and cauterizing at the same time, and thereby reducing 
the surgical ( A ) operating time. 

Upper lumen 316 and lower lumen 318 are hermetically sealed within semi-rigid tubular casing 320. Due 
to the shape of upper and lower lumens 316 and 318 and the way in which they are attached to one another, 
a pair of irrigation fluid channels 324 are formed when upper and lower lumens 3 1 6 and 3 1 8 are mounted 
within casing 320, as shown in FIGS. 14 and 16. 

As discussed above, resonator 314 has a U shaped cross-section at its operational end, but, according to a 
preferred embodiment, assumes a closed-off tubular shape at node 332. A cross-sectional drawing of the 
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node 332, resonator 314 can contact fb^^^^^^S^} 4 ^ T 2"? * 
vibration of aspriator 314 at its operational end However since kZ JZ I ? u affecting * e 

length except at node 332, the remainder ofS^^'JSS^SlSS? ^° Ut * s u 

operation site by suction that is applied to .J^onES X " ^ ^ 

FIOS. 19-24. Since SSope J° lX l ,t?T, ™? «*odiment of the invention i, »„„„„ ln 

«So~ 

This seal which cTbe cast frl n the * s P>f or. The resonator is anchored at node 332 by seal 340 
seeping in £££ ™" ^ *» 

to provide space forX te e "onf 3 12 Th^T ^ ™ t0P ° f input section 342 

This groove 344 in taSK telescope 312 is inserted in groove 344 as shown in FIG. 21. 

enablfs U^^S^^SSS^l^S 7 ^ ^ape of resonator 314 

the overall aspiration unit * $ * mmimiZe the outer diameter or Fre "ch size of 

o*pe^:^ 

waste container, collection v^TS^ZS M matenal ^ fluid from "P™*" to a 
bent at a predetermined SK!^^ T ™> mMei fa FIGS " 19 ' 23 ' is 

telescope 3 1 2 also separate at thiE? t P n l f lesco P e 3 1 2 - resonator channel 3 1 4 and the 

telescope 312 o to tSp iet ^KET ^ *™ flowing back to the 

nanapiece, a castable elastomenc or thermoplastic material is utilized to seal this 
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area. 



FIGS 23 and 24 illustrate this sealing material 346 and outer sheath 348 for this area of the aspirator This 
seSino materia 346 generally comprising a elastomeric or thermoplastic self-cunng materia of: relatively 
ow h£ss o durometer (il , iJthan 80 Shore A) is essential for preventin t^*™^?*"* 
to be removed through the lower lumen 318 from contaminating or seeping_ '^.^.^P^f 
aspiration unit. During the manufacture of the aspirator, after the telescope 312 is placed within the 
resonator channel 314, sheath 348 is placed round the joint area and the synthetic elastomenc or 
SpLsd^aterial is cast there between. Preferably, this cast material is £ synthetic rubber having a 
durometer hardness of approximately 40 Shore A. Surprisingly, while high friction losses would be 
expeS for such an arrangement, the losses which are actually encountered are very small, because the 
XSuency and vibrational velocities are very low in the encapsulated area^ Therefore, Ration of he 
TandniSof the unit from the fluids removed from the body of the patient is achieved withou reducing the 
Irees Sat are transmitted to the working tip of the aspirator. The seal 346 also isolates the unit 
from the atmosphere. 

Referring now to FIG. 24, it is evident that seal 340 prevents the fluids which are to be .removed from the 
paS £ ^ flowing beneath or outside of resonator 314, such as between resonator 14 the dower 
lumen 3 1 8. However, this seal 340 does not obviate the need for the cast sealing material 346 since t he 
cTt sealing material is used to prevent the fluid, which is in lower lumen 318 from contaminating the 
handpiece of the overall aspiration unit. 

Referring now to FIGS. 25-27, there are illustrated various additional modified working tip arrangements 
n^SZL for the reso'nator 314 of the invention. As shown in FIG. 27, the working tip .can be of a 
partially blocked off channel which provides advantages with respect to precision cutting of the biological 
material. This same effect can be achieved by narrowing the channel means by tapering the tip or by 
reducing the cross sectional area of other configurations, i.e. , such as by gradually diminishing the c oss 
sectional area or size of the channel means or by otherwise configuring the open area of working tip to be 
of a smaller dimension than of the resonator 3 14. 

In other embodiments, as shown by FIGS. 25 and 27, the tip may comprise part of the tubular unit which is 
also reduced or restricted in diameter at the working point. The end of the tube can be restricted by means 
of an overlap 350 or by way of a crimping on the end of the tube to restrict the outer diamter at the working 
point This tubular design provides an advantage wherein blockage of the resonator tube 314 is prohibited, 
since any removed biological material must pass through the smaller bore of the open tip to enter the tube 
3 14. Thus, the material removed would not be able to block or clog the tube 14 when suction is used to 
withdraw such removed biological material. 

While it is apparent that the invention herein disclosed is well calculated to fulfill the objects above stated, 
it will be appreciated that numerous modifications and embodiments may be devised by those skilled in the 
art, and it is intended that the appended claims cover all such modifications and embodiments as fall within 
the true spirit and scope of the present invention. 

Drawing Description 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows a hypothetical extensional resonator for use in illustrating the background of the invention; 
FIG. 2 shows a family of curves illustrating possible stress distributions in the resonator of FIG. 1; 
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FIG. 3 shows a family of curves illustrating velocity distributions corresponding to the stress distribution 
curves of FIG. 2; 

FIGS. 4A and 4B together form a view, partly broken away, of an endoscopic ultrasonic f A 1 aspirator 
(EUA) according to an embodiment of the invention; 

FIG. 5 A is an elevational view of a resonator assembly including a transducer and first and second velocity 
transformers for use in the EUA of FIGS. 4A and 4B; 

FIG. 5B is a graph showing extension and stress distributions in the components of FIG. 5 A; 

FIG. 5C shows an alternate resonator assembly; 

FIG. 5D shows another alternate resonator assembly; 

FIG. 6 is an end view of the EUA taken along line 6-6 in FIG. 4B; 

FIG. 7 is a detail of FIG. 6 showing an end view of telescope 28 of the EUA; 

FIG. 8 is a plan view of a sealing ring 1 12 employed in the EUA; 

FIG. 9 is an elevational view of part of an alternate embodiment of the invention; 

FIGS. 10A and 10B together form a block diagram of an ultrasonic ( A ) power supply for use with the 
EUA; 

FIG. 1 1 is a cross-sectional view of the EUA taken along line 1 1- - 1 1 of FIG. 4 A; 
FIG. 12A shows schematically an irrigation system for use with the EUA; 
FIG. 12B shows schematically an aspiration system for use with the EUA; 

FIG. 13 is a schematic diagram of part of an alternate ultrasonic ( A ) power supply for use with the EUA. 

FIG. 14 is perspective drawing of an embodiment of the open channel endoscopic ultrasonic ( A ) aspirator 
of the present invention; 

FIG. 15 is a cross-sectional view of the embodiment of FIG. 14 taken along the line 15-15; 
FIG. 16 is a cross-sectional view of the embodiment of FIG. 15 taken along the line 16-16; 
FIG. 17 is a cross-sectional view of the embodiment of FIG. 15 taken along the line 17-17; and 
FIG. 18 is a cross-sectional view of the embodiment of FIG. 15 taken along the line 18-18. 
FIG. 19 is a view of the transformer input section of the invention; 
FIG. 20 is a view taken along line 20-20 of FIG. 19; 

FIG. 21 is a view of the transformer input of the invention when the telescope is inserted; 
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FIG. 22 is an illustration of the transformer input section with telescope inserted and which is further 
sealed with an elastomeric material; 

FIG. 23 is a view of FIG. 22 with a portion of the elastomeric sealing material removed; 

FIG. 24 is a cross sectional view similar to FIG. 15, but illustrating an alternate embodiment of the 
invention; and 

FIGS. 25, 26 and 27 are detailed views of resonator tip modifications for the invention. 
Claims 

What is claimed is: 

1. A method of removing cellular material from a compliant tissue relatively deep within a biological body 
through a narrow orifice comprising: 

providing an elongated surgical (*) instrument which comprises an elongated working end having a length 
of at least about 8 cm, a circumference of no more than about 29 mm, and a working tip at the forward end 
thereof, said instrument including means for viewing said working tip and said material to be removed; 

inserting said forward end of said elongated surgical ( A ) instrument into the orifice with said working tip 
located close to the material to be removed; and 

vibrating said working tip longitudinally at a frequency of about 10-20 kHz so as to cavitate the - 
intracellular fluids in such material to destroy the cells thereof while monitoring the removal of said 
material through the viewing means of said instrument. 

2. The method of claim 1, including vibrating said working tip with a longitudinal stroke of at least about 
350 microns. 

3. The method of claim 2, wherein such longitudinal stroke is at least about 700 microns. 

4. The method of claim 1, including vibrating said working tip with a maximum velocity of at least about 
1000 cm/sec. 

5. The method of claim 4, wherein said maximum velocity is at least about 2000 cm/sec. 

6. The method of claim 1, including employing a blunt working tip. 

7. The method of claim 1 which further comprises providing the working tip with open channel means to 
facilitate the removal of said material. 

8. The method of claim 7 which further comprises selecting an open channel means which tapers and 
diminishes along its length. 

9. The method of claim 7 which further comprises selecting an open channel means which comprises a 
base portion and two side portions. 

10. The method of claim 7 which further comprises selecting an open channel means which has a 
cross-sectional area in the shape of a U or V. 
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14. The method of claim 13 which fimw 

15. The method of claim 14 which furtw 

«I«i»g me™. """ Ch funher »»'P™" Providing inaraMm „„„ , ^ ^ ^ 

22. The method of claim 91 i^i tl/ j- 

claim 2 1 , mcludmg employing a blunt working tip. 

23. The method of claim 00 inM..,r • 

about 19 cm into said body'' ™* elongated instrumem a{ ^ 

24. The method of claim 16 which furfur ,„ ■ 

further co mpnses providing said ^ g ^ ^ 
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• . source so that said working tip can receive a RF current for cauterization of said tissue when said tip is not 

vibrating. 

for generating ultrasonic ( A 1 vibrations. 

26. The method of claim 25 which farther comprises providing said instrument with a switch as the 

selecting means. 

probe, 

inserting the sheath into such body orifice with the working end of the probe being at such operating site 
and close to such material to be removed, 

introducing a fluid into one of the two fluid passages to irrigate such operating site, 

vibratine the probe longitudinally at a frequency of about 10-20 kHz so as to prod uce ^pres sure waves 
ImSnt To cfisintegrafe the cellsof such material to be removed, sa.d mstrument mclud.ng means for 
viewing said working tip and said material to be removed, and 

anolvine suction to the other of the fluid passages to withdraw such fluid and such matter to be removed 
S&^Sg «» while monitoring the removal of said material through the vewmg means of sa.d 

instrument. 

28. The method of claim 27, including providing a surgical (») instrument no more than about 25 mm in 
circumference. 

29. The method of claim 27, including providing a surgical («) instrument at least about 19 cm in length. 

30. The method of claim 29, including providing a surgical (») instrument no more than about 25 mm in 

circumference. 

31. A method for removing cellular material from a compliant tissue within a biological body through a 
natural or surgically created orifice comprising: 

inserting into said orifice an aspirator comprising: 

handpiece means; elongated sheath means extending from said handpiece means and having a hollow bore 
therethrough; 

unitary vibration generating means having a first portion which is mounted in said handpiece means, a 
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' — a bio^ea, Wy ^ . 

inserting info aid orifice an aspirator comprising: 

a hollow handpiece; 

mean, for suppIy/n8 such ^ ^ ^ ^ ^ 

elongated tool means coupled to the vihronv 
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supplying alternating current for terminating such supplied alternating current and thereby stopping such 
mechanical vibrations when such fluid is not present, and 

means for removing said fluid from said work site through conduit means, the end of said conduit means 
nearest the work site formed by said working tip means 

so as to position said working tip means of said aspirator in close proximity to the cellular material to be 
removed; 

vibrating said working tip means of said aspirator to cavitate the intracellular fluids of the cellular material 
to destroy the cells thereof; and 

removing the destroyed cellular material through said fluid removal means of said aspirator. 

35 The method of claim 34 which further comprises providing the aspirator with a radio-frequency source 
so that the elongated tool means can receive RF current for cauterizing tissue at the work site when said 
tool means is not vibrating. 

36 The method of claim 35 which further comprises providing the aspirator with a switch for selectively 
connecting one of said radio- frequency source or said vibration generating system to said elongated tool 
means. 

37. A method for removing cellular material from a compliant tissue within a biological body through a 
natural or surgically created orifice comprising: 

inserting into said orifice an apparatus comprising: 

a handpiece; 

an elongated sheath extending from the handpiece and having a hollow bore therethrough; 

high frequency vibration source means mounted in the handpiece for generating a first amplitude; 

first velocity transformer means located in the hollow bore within the sheath and spaced therefrom, having 
an input end and an output end, the input end being coupled to the vibration source to be vibrated thereby, 
and the output end vibrating in response to such received vibrations with a second amplitude greater than 
such first amplitude; 

second velocity transformer means having an input end and an output end, the input end being coupled to 
the output end of the first transformer to be vibrated thereby, and the output end vibrating in response to 
such received vibrations with a third amplitude greater than such second amplitude, said third amplitude 
being sufficient to disintegrate said cellular material, said second velocity transformer means having 
working tip means extending beyond the end of the sheath away from the handpiece for contacting said 
cellular material, said working tip means having a smaller cross-sectional area than that of said second 
velocity transformer means; 

the second transformer means when vibrating, having a substantially constant mechanical stress level in 
substantially all of its length, the output end of the first transformer velocity means and the second velocity 
transformer means forming a unitary component to minimize the production of transverse flexural 
vibrations; 



said high-frequency vibration source means and said first and second velocity transformer means being 
elongated and having a continuous hollow bore extending along a common longitudinal axis thereof, 
thereby forming first fluid passage means in a space defined between the first and second velocity 
transformer means and the sheath, and second fluid passage means along said common longitudinal axis; 

means for introducing fluid into one of said fluid passage means to irrigate an operating site adjacent said 
working tip means of the second velocity transformer means where said cellular material is contacted and 
disintegrated; and 

means for applying suction to the other of said fluid passage means to remove such fluid and such 
disintegrated cellular material from such operating site 

so as to position said working tip means of said apparatus in close proximity to the cellular material to be 
removed; 

vibrating said working tip means of said apparatus to cavitate the intracellular fluids of the cellular material 
to destroy the cells thereof; and 

removing the destroyed cellular material through said other fluid passage of said apparatus. 

38. The method of claim 34 which further comprises providing the aspirator with a radio-frequency source 
so that the working tip means can receive RF current for cauterizing tissue at the work site when said tip is 
not vibrating. 

39. The method of claim 38 which further comprises providing the aspirator with a switch for selectively 
connecting one of said radio- frequency source or said vibration generating system to said working tip 
means. 

40. A method for removing cellular material from a compliant tissue within a biological body through a 
natural or surgically created orifice comprising: 

inserting into said orifice an aspirator comprising: 

a hollow handpiece; 

an elongated sheath having a hollow bore communicating with the interior of the handpiece and having a 
working end away from the handpiece; 

a vibration source within the handpiece for producing mechanical vibrations in response to an alternating 
current supplied to said vibration source; 

means for supplying such alternating current to said vibration source; 

elongated tool means coupled to the vibration source and passing through a hollow bore of the sheath to a 
work site beyond the working end of the sheath for transmitting such mechanical vibrations to such work 
site; 

viewing means extending from the handpiece to such work site for providing a view from the handpiece of 
such work site; 

means for supplying fluid to a fluid space defined between said tool means and said hollow bore of said 
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sheath; and 

fluid detection means for detecting the presence of fluid in the fluid space and connected to the means for 
supplying alternating current for terminating such supplied alternating current and thereby stopping such 
mechanical vibrations when such fluid is not present 

so as to position said elongated tool means of said apparatus in close proximity to the cellular material to 
be removed; 

vibrating said elongated tool means of said aspirator to cavitate the intracellular fluids of the cellular 
material to destroy the cells thereof; and 

removing the destroyed cellular material. 

41 The method of claim 40 which further comprises providing the aspirator with a radio-frequency source 
so that the elongated tool means can receive RF current for cauterizing tissue at the work site when said 
tool means is not vibrating. 

42 The method of claim 41 which further comprises providing the aspirator with a switch for selectively 
connecting one of said radio- frequency source or said vibration generating system to said tool means. 

43. A method for removing cellular material from a compliant tissue within a biological body through a 
natural or surgically created orifice comprising: 

inserting into said orifice an apparatus comprising: 

a handpiece; 

an elongated sheath extending from the handpiece and having a hollow bore therethrough; 
vibration means comprising: 

high-frequency vibration source means mounted in the handpiece for vibrating with a selected wavelength 
and with a first amplitude; 

first velocity transformer means located in the hollow bore within the sheath and spaced therefrom for 
amplifying vibrations from the vibration source means and having an input section and an output section, 
the input section being unitary with the vibration source means and the output section being smaller in 
cross-sectional area than the input section, and 

second velocity transformer means having an input end and an output end, the input end being unitary with 
the output section of the first velocity transformer means for amplifying vibrations thereof to a sufficient 
velocity to disintegrate said cellular material and to minimize the production of transverse flexural 
vibrations, the output end vibrating in response to such received vibrational energy for further transmitting 
such vibrational energy; 

said second velocity transformer means having a working tip extending beyond the end of the sheath away 
from the handpiece; 

said high-frequency vibration source means and each of said velocity transformer means being elongated 
and each having a continuous hollow bore extending along a common longitudinal axis thereof, thereby 
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forming; first fluid passage means in a space defined between the first and second velocity transformer 
means and the sheath, and second fluid passage means along said common longitudinal axis; 

means for introducing fluid into one of said fluid passage means to irrigate an operating site adjacent the 
working tip of the second velocity transformer means where said cellular material is disintegrated, and 

means for applying suction to the other of said fluid passage means to remove said fluid and disintegrated 
cellular material from such operating site 

so as to position said working tip of said apparatus in close proximity to the cellular material to be 
removed; 

vibrating said working tip of said apparatus to cavitate the intracellular fluids of the cellular material to 
destroy the cells thereof; and 

removing the destroyed cellular material. 

44. Hie method of claim 43 which further comprises providing the aspirator with a radio-frequency source 
so that the working tip can receive RF current for cauterizing tissue at the work site when said tip is not 
vibrating. 

45. The method of claim 44 which further comprises providing the aspirator with a switch for selectively 
connecting one of said radio- frequency source or said vibration generating system to said tip. 

46. A method for removing cellular material from a compliant tissue within a biological body through a 
natural or surgically created orifice comprising: 

inserting into said orifice an aspirator comprising: 

a hollow handpiece; 

an elongated sheath having a hollow bore communicating with the interior of the handpiece and having a 
working end away from the handpiece; 

high-frequency vibration source means mounted in the handpiece comprising transducer means for 
generating high-frequency vibrations of a selected wavelength and having a first amplitude and vibration 
amplifying means for receiving the vibrations generated by the transducer means and amplifying said 
vibrations to ultrasonic ( A ) vibrations of a frequency of between 10 and 20 KHz, said vibration amplifying 
means comprising: 

first velocity transformer mens of an elongated member having an input end and an output end for 
amplifying vibrations from said vibration source means the input end being coupled to the transducer 
means and the output end vibrating in response to such received vibrations with a second amplitude greater 
than said first amplitude, and 

second velocity transformer means of an elongated member having an input end and an output end for 
amplifying vibrations from the first velocity transformer means, the input end being unitary with the output 
end of the first velocity transformer means to be vibrated thereby and to minimize the production of 
transverse flexural vibrations, the output end vibrating in response to such received vibrations with the 
desired frequency while further having a substantially constant mechanical stress level in substantially all 
its length; 
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elongated tool means coupled to the output end of said second velocity transformer means and passing 
through the hollow bore of the sheath to a work site beyond the working end of the sheath for transmitting 
the amplified vibrations to said work site for disintegration of said cellular material thereof; 

means for aspirating said disintegrated cellular material portion from the work site; and 

viewing means extending from said handpiece to said work site for providing a view from the handpiece of 
said work site 

so as to position said elongated tool means of said aspirator in close proximity to the cellular material to be 
removed; 

vibrating said elongated tool means of said aspirator to cavitate the intracellular fluids of the cellular 
material to destroy the cells thereof; and 

removing the destroyed cellular material. 

47 The method of claim 46 which further comprises providing the aspirator with a radio- frequency source 
so that the elongated tool means can receive RF current for cauterizing tissue at the work site when said 
tool means is not vibrating. 

48. The method of claim 47 which further comprises providing the aspirator with a switch for selectively 
connecting one of said radio- frequency source or said vibration generating system to said tool means. 
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Application No. 513230, Filed 19900423, Issued 19920929 

Abstract- The apparatus includes an ultrasonic f transducer having a hand piece, an ultrasonic ( A J 

n.trasonic^ oscillation produced by the ultrasonic^ vibrating j^SjJSSS? 
a driving signal for the ultrasonic f *1 vibrating element, a voltage controlled amplifier for ^tymg ™ 
d£g figSan impedance matching transformer having a plurality of primary "^™Z*£***£ 
St oSe voltage controlled amplifier via a switching circuit and a secondary winding connected ^ the 
ultTasonic^i vibrating element, a probe identification circuit for detecting the probe connected to the 
SSrduce aerobe identification signal, a feedback control loop for generating a corto voltage 
ShTapplied to the voltage controlled amplifier for controlling the amplification factor thereof in 
SordancS with a driving current of the driving signal, an impedance detecting circuit for detecting the 
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impedance of the ultrasonic transducer and controlling the switching circuit such that a given primary 
winding is connected to attain the impedance matching between the driving circuit and the ultrasonic ( A ) 
transducer, and a voltage limiter arranged in the feedback control loop such that the maximum value of the 
control voltage is limited in accordance with the probe identification signal. 

US.Class: 604022 31031602 601002 

Int'I Class: A61B01732 

Priority: JP 1-107788 19890428 ; JP 1-120958 19890515 

US Patents Cited: 3746897 4181864 4583529 4703213 4966131 4970656 4973876 5026387 5042460 
Foreign References: JP63162086 JP63212341 JP63212342 
Agent(s): Stevens, Davis, Miller & Mosher 
Examiner(s): Cohen, Lee S.; Pfaffle, K. M. 



Go to Claims 

Background and Summary 

BACKGROUND OF THE INVENTION 
Field of the Invention and Related Art Statement 

The present invention relates to an apparatus for generating an ultrasonic ( A ) oscillation, and more 
particularly to an apparatus for generating an ultrasonic ( A ) oscillation comprising an ultrasonic ( A ) 
transducer having an ultrasonic (*} vibrating element for producing an ultrasonic ( A ) oscillation and a 
probe for transmitting the oscillation produced by the ultrasonic ( A ) vibrating element, and a driving 
circuit for supplying a driving signal to the ultrasonic ( A ) vibrating element. 

Heretofore, there have been proposed various kinds of apparatuses using the ultrasonic ( A ^ transducer. For 
instance, ultrasonic surgical ( A ) knives and ultrasonic ( A ^ working machines have been developed, hi 
these ultrasonic apparatuses, it is advantageous to effect the impedance matching between the 
ultrasonic f A ) transducer and the driving circuit in order to improve the driving efficiency of the 
ultrasonic f A ) vibrating element. 

FIGS. 1 A and IB show the known ultrasonic probe in which vibrating rods 2 and 3 having different 
lengths are detachably secured to an ultrasonic f A ) transducer 1. The inventor of the instant application has 
experimentally confirmed that the impedance of the probe illustrated in FIG. IB is smaller than that of the 
probe depicted in FIG. 1 A by about five times. Therefore, when these probes are driven by the same 
driving circuit, if the output impedance of the driving circuit is fixedly matched to either one of the 
vibrating rods 2 and 3, the impedance matching could not be attained for the other of the vibrating rods 3 
or 2 and the driving efficiency of the ultrasonic ( A ) vibrating element 1 would be decreased to a great 
extent. 

In order to mitigate the above mentioned drawback, in a Japanese Patent Laid-open Publication Kokai Sho 
63-162086, there has been proposed an ultrasonic ( A ) transducer in which taps on a secondary side of a 
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coupling transformer for electromagnetically coupling the ujtrasonk^l vibrating element and the driving 
drcuS switched in accordance with the amplitude of the oscillation or vibration of the ultrasonic ( A ) 

vibrating element. 




oscillation 7s proportional to an amplitude of a current passing through the ultrason,c( A vibrating 
SSTtKthe impedance of the transducer circuit is increased twice, the taps on the secondary side 
%£S^L*J* are changed such that the voltage applied to the ;1 Ot ! pr^v 1 braUng 
element is increased also twice in order to keep the amplitude of the current unchanged Then, the 
Spedance of L transducer circuit viewed from the primary side of the transformer .s decreased by four 
ZeTtecaJs me ratio of the primary winding to the secondary winding becomes 1:2 Th.s results in lhat 
Sped^ce of tne load for the driving circuit is decreased by two times, although the impedance of the 
12131. increased by two times. Therefore, the impedance matching could not be attained and 
the ultrasonic ( A ) vibrating element could not be driven efficiently. 

Further, in the known ultrasonic ( A ) generating apparatus, the taps are provided on the secondary side of 
the coupling transformer, i.e. on the vibrating element side of the transformer. When the apparatus is 
applied to the ^~ic surgical ( A l knife, a switching circuit for switching the secondary winding 
Sons is arranged in the circuitry on the patient side, so that the electneal insulation should! be effected o 
a ve!? Wgl dTg^fe in order to achieve protection against the electric leakage and discharge. This apparently 
increases the cost of the apparatus. 

In order to attain a proper impedance matching, it would be also considered that the impedance of 
SrSsnnicf") tr ansducers to be used are previously measured and when an ultrasonic (-) transducer is 
used, the impedance matching is attained manually in accordance with the measured impedance of 'the 
relevant transducer. In such a solution, there might be produced another problem of the misoperation of the 
user and the driving circuit might be broken under the overload condition. 

In Japanese Patent Laid-open Publication Kokai Sho 63-212341 and 63-212342, there are described further 
known ultrasonic t A 1 apparatuses in which objects such as hematoma and tumor produced within a patient 
body are broken into pieces by irradiating the ultrasonic ( A ) beam thereupon by inserting the 
ultrasonic ( A ) endoscope and pieces of the objects are sucked out of the body via a tube arranged in the 
endoscope. In such ultrasonic surgical ( A ) operating apparatus, it is desired that the amplitude ot the 
ultrasonic ( A ) probe driven by the ultrasonic f A 1 vibrating element is kept constant regardless of the 
acoustic impedance of the objects. As explained above, since the amplitude of the ultrasonic ( ) vibrating 
element is proportional to the amplitude of the current passing through the element, the output of the 
oscillator in the driving circuit is supplied to the vibrating element via a voltage controlled amplifier 
, (VCA) whose amplification factor can be changed by a control voltage, and the amplification factor of the 
VCA is adjusted in accordance with the driving current such that the driving current can be kept constant. 

In the above mentioned ultrasonic f A 1 apparatus in which the ultrasonic ( A ) vibrating element is driven by 
the constant current circuit, the construction of the apparatus can be made simple and the amplitude of the 
ultrasonic ( A ) oscillation can be maintained substantially constant. However, the electric stability of the 
known apparatus sometimes becomes deteriorated. For example, in the above explained ultrasonic 
surgical ( A ) apparatus, when the tip of the iiltrasonic ( A ) probe is urged against the object, the electric 
property of the probe is changed to a large extent in accordance with the objects and the amplitude of the 
driving current becomes extremely small. Then, the constant current circuit operates such that the control 
voltage for the VCA is abnormally increased and the voltage applied to the ultrasonic f A ) vibrating 



element becomes larger than threshold voltages of the element and driving circuit, so that they might be 
broken. This is quite dangerous for the patient. 

SUMMARY OF THE INVENTION 

The present invention has for its object to provide a novel and useful apparatus for generating the 
ultrasonic ( A > oscillation in which the above mentioned drawbacks of the known apparatuses can be 
removed and the impedance matching between the ultrasonic ( A ) vibrating element and the driving circuit 
can be always attained correctly in an automatic manner and the ultrasonic ( A ) vibrating element can be 
driven always efficiently. 

It is another object of the present invention to provide an apparatus for generating the ultrasonic ( A } 
oscillation in which the ultrasonic ( A ) vibrating element can be always driven stably without damaging the 
driving circuit and element as well as without damaging or injuring the patient. 

According to the invention, an apparatus for generating an ultrasonic f A ) oscillation comprises: 

an ultrasonic ( A ) transducer having an ultrasonic ( A ) vibrating element for producing an ultrasonic ( A ) 
oscillation and a probe for transmitting the ultrasonic f A ) oscillation produced by the ultrasonic ( A ) 
vibrating element; 

a driving circuit for supplying a driving signal to said ultrasonic ( A ) vibrating element: 

an impedance matching means connected between said ultrasonic ( A ) transducer and said driving circuit 
for matching the output impedance of the driving circuit to the impedance of said ultrasonic ( A ) 
transducer; 

an impedance detecting means for detecting the impedance of said ultrasonic ( A ) transducer to generate an 
impedance detecting signal; and 

controlling means for automatically controlling said impedance matching means in accordance with said 
impedance detection signal supplied from said impedance detecting means such that the output impedance 
of said driving circuit is matched to the impedance of said ultrasonic ( A ) transducer. 

In a preferred embodiment of the apparatus according to the invention, said impedance matching means 
comprises a matching transformer having a plurality of primary windings and a secondary winding 
connected to the ultrasonic ( A ) transducer, a switching circuit for selectively connecting one of said 
primary windings to the driving circuit, and a control circuit for controlling said switching circuit in 
accordance with said impedance detection signal supplied from said impedance detecting means such that 
the output impedance of said driving circuit is matched with the impedance of the ultrasonic ( A ) 
transducer. 

According to further aspect of the invention, an apparatus for generating an ultrasonic ( A ) oscillation 
comprises: 

an ultrasonic ( A ) transducer having an ultrasonic ( A » vibrating element for producing an ultrasonic ( A ) 
oscillation and a probe for transmitting the ultrasonic ( A ) oscillation produced by the ultrasonic ( A ) 
vibrating element; 

a driving circuit for supplying a driving signal to said ultrasonic ( A ) vibrating element; 
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an impedance matching means connected between .id jdtUBjfcO transducex and said i drivmg circuit 
for matching the output impedance of the driving circu.t to the impedance of said ultiasjaucO 

transducer; 

a probe identifying means for identifying a kind of said uitj^mkCl transducer to generate a probe 
identification signal; and 

rnntrollinc means for automatically controlling said impedance matching means in accordance with said 
JESS supplied' from said probe identifying means jjjdHtofte output nnpedance of 
said driving circuit is matched to the impedance of sa.d ultrason.c f A ) transducer. 

According to another aspect of the invention, an apparatus for generating an ultrasonic (*) oscillation 

comprises: 

an .. Itrnsonic <*) transducer having an uUiasonicJ^ vibrating element for producing an Hi»J££l 
osclSSa^probe for transmitting the oscillation produced by the ultrason.c D vibrat.ng element. 

a driving circuit having a voltage controlled amplifier for supplying a driving power to said ujtj^onic^l 

vibrating element; 

a feedback loop connected between said nltrasonic transducer and said driving circuit for detecting a . 
curcent SaTdrivkg power supplied to said uJtrasjmicO transducer and applying a control voltage 
coSondTng to said Current of the driving power to said voltage controlled amplifier to control an 
amplification factor of the voltage controlled amplifier; and 

a voltage limiting means connected in said feedback loop for limiting an amplitude of said control voltage. 

According to still another aspect of the invention, an apparatus for generating an ultrasonic (*) oscillation 
comprises: 

an ultrasonic!*! transducer having an ultrasonic vibrating element for producing an ultrasonic D 
oscSnSTprobe for transmitting the ultrason.c (*) oscillation produced by the ultrason.c <«) 
vibrating element; 

a driving circuit having a voltage controlled amplifier for supplying a driving power to said ultrasonic (*) 
vibrating element; 

a feedback loop connected between said ultrasonic (*) transducer and said driving circuit for detecting a 
current of said driving power supplied to said ultrasonic <*) transducer and applying a control voltage 
corresponding to said current of the driving power to said voltage controlled amplifier to control an 
amplification factor of the voltage controlled amplifier; 

voltage limiting means having a plurality of voltage limiting elements connected in said feedback loop for 
limiting an amplitude of said control voltage; 

probe identifying means for identifying a kind of said ultrasonic ( A ) transducer to generate a probe 
identification signal; and 

controlling means for automatically switching said plurality of voltage limiting elements of the voltage 
limiting means in accordance with the probe identification signal produced by the probe identifying means. 
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■ „i *wo cnh V and is also suoolied to an absolute value detecting circuit 36 to 
detect a voltage I^,^^^^" SSv^ine.. Similarly, the current detection signal 
denve an absolute value of the JJ^edro^ _ t0 a comparat or 37 to produce a current phase 

the detected current .vertline.I.vertlme.. 

c^oS S S^efSv^e. It shoufd be noted that the output of the resonance p 01 nt 
detecting circuit 39 is supplied to a control circuit 45. 

driving the uJtrasonM^ vibrating element 21 at a predetermined amplitude in the resonance point 
applied to VGA 24 zero. 

SSd SSS^<S) 50 to generate a reference sweep signal having a linearly varying ; frequency. 
The Xnce sweep signal thus produced is supplied to the resonanc * point packing <%°«£Z% 
switch 40 It should be noted that the switch 40, relay control circuit 43, switches 47 48, generator vi ana 
^Z^SS^ by the control circuit 45. Further, to the control circuit 45 is connected a switch 
51 for actuating and stopping the apparatus. 

Now the operation of the apparatus of this embodiment will be explained also with reference to a flow 

chart shown in FIG. 4. 

While the switch 51 is made off, the switch 40 is connected to VCO 50 and ^ ch %^iTrZSt 
on and off, respectively. Moreover the winding ratio of the primary and secondary sides of toe ^matchmg 
^former 26 is set to 1:1. When the switch 51 is made on, the uUrjsonicI^ vibratmg element 2\ is 
S Se low constant current set by the reference voltage V.sub.o of the current preset circuit 44 and 
further the generator 49 is actuated to control VCO 50 and the frequency of the driving signal is swept m 
aSordance with the reference sweep signal generated from VCO 50. That is to say, the resonance ^pomt 
tracking circuit 22 is locked to the output from VCO 50 and the oscillation frequency of the PLL is 
sSned by scanning the output frequency of VCO 50 in accordance with the output of the generator 49. 



D "ring the above mentioned f™ ^''"^^ 
After the resonance point ha. h~ a cnt nese phase signals becomes zem 
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FIG. 2, the ratio of turns between the primary and secondary windings can be changed by a select circuit 63 
including a relay and control circuit. Across the vibrating element 56 is connected an inductor 64 for 
canceling the damping capacitance of the element. 

The phase lock loop 60 comprises a phase comparator (PC) 65, a charge pump 66 for converting the digital 
output of the phase comparator into the analog signal, a loop filter ( A l 67 and a voltage controlled 
oscillator (VCO) 68. The output of the charge pump 66 is applied to VCO 68 as the control voltage via the 
loop filter ( A ) 67. The output of VCO 68 is supplied to the filter ( A ) 69 as well as to a frequency divider 
70, and the output of the frequency divider 70 is supplied to the filter ( A ) 69, so that the rectangular output 
signal from VCO 69 is converted into a sinusoidal driving signal which contains only the resonance 
component of the ultrasonic ( A ) vibrating element 56 to avoid unnecessary heat radiation from the 
element. In the present embodiment, the filter ( A ) 69 is formed by a switched capacitor filter ( (SCF) 
whose cut-off frequency can be changed by an external clock input. When the filter ( A ) is composed of 
such SCF, the amplitude variation and the phase rotation of the output signal of the filter ( A ) can be 
removed, and therefore the constant current control and PLL are hardly affected by these variations so that 
the rectangular- sinusoidal conversion can be carried out in an ideal manner. Moreover, the impedance of 
the ultrasonic ( A ) vibrating element 56 can be detected precisely during the frequency sweep of the driving 
signal, because only the fundamental wave is used. 

The output of the filter ( A ) 69 is supplied via voltage controlled amplifier (VCA) 71, buffer amplifier 72, 
switch circuit 73 and power amplifier 74 to the primary side of a matching transformer 59. By means of the 
matching transformer 59, it is possible to electrically isolate the circuit of the ultrasonic ( A ) vibrating 
element 56 from the driving circuit and to attain the impedance matching between the power amplifier 74 
and the ultrasonic ( A ) vibrating element 56. 

The voltage applied to the ultrasonic ( A ) vibrating element 56 and the current flowing through the element 
are detected by a voltage and current detecting circuit 75 which includes voltage detecting potentiometer 
and current sensor which are similar to those shown in FIG. 2. The obtained voltage and current detection 
signals are supplied to differential amplifiers 76 and 77, respectively. In this manner the problem of 
in-phase noise which is inherent to the detection of the high voltage and large current can be effectively 
removed by means of the differential amplifiers 76 and 77. Furthermore, although the positive and negative 
terminals of the power amplifier 74 are connected inversely or the power amplifier is not a type whose one 
output terminal is not connected to the ground, the voltage and current detection signals can be obtained 
stably. 

The voltage detection signal V generated from the differential amplifier 76 is supplied to a comparator 7i 
to detect a voltage phase detection signal .theta..sub.V as well as to an absolute value detecting circuit 79 to 
detect an absolute value of the amplitude of the detected voltage .vertline.V.vertline.. Similarly the current 
detection signal T produced by the differential amplifier 77 is supplied to as comparator 80 to derive a 
current phase detection signal .theta..sub.l as well as to the solute value detecting circuit 81 to detect an 
absolute value of the detected current .vertline.I.vertline.. 

The voltage phase signal .theta..sub.V derived from the comparator 78 is supplied to a phase comparator 82 
as well as to variable input terminal V of the phase comparator 65 of PLL 60. The current phase signal 
.theta..sub.I derived from the comparator 80 is supplied to the phase comparator 82 as well as to a contact 
F of a switching circuit 83. The absolute voltage signal .vertline.V.vertline. derived from the absolute value 
detector 79 is supplied to a voltage comparator 84. The frequency characteristic of the absolute value of the 
voltage detection signal is shown in FIG. 7. In the voltage comparator 84, the absolute voltage value 
.vertline.V.vertline. is compared with a predetermined threshold value L, and the voltage comparator 
produces an output signal S when the absolute value is smaller than the threshold value L. Since the 
driving circuit of the present embodiment operates in the constant current mode, the absolute value of the 
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"V^tompttan* of the ultrasonic ( A ) vibrating element 56. When the voltage 

DElK thett \ T CS J' S T al S ' J* Ph3Se C ° mparat0r 82 is enabled 10 detect *« P^e differed 
wSt frf " tl , vo tage phase signal .theta..sub.V and the current phase signal .theta.. suM 
When the frequency of the driving signal becomes equal to the desired resonance frequency f sub r of me 
ultrasonic r> vibrating element 56, the phase difference .DELTA..theta. becomes zlo Tbm the ■ dure 
comparator 82 generates a resonance detection signal R. This resonance detection signal a 
latch circuit 109 to change the state of the latch circuit 109. Then, the switching arm of the swSnT 
circuit 83 is changed from the contact S to the contact F and the current phase signal .tbSSlS* 
supplied to the reference mput terminal R of the phase comparator 65 and PLL 60 is operated in the 
feedback control mode in which the driving signal frequency is automatically controlled to follow the 
resonance frequency of the ultrasonic (*) vibrating element 56. At the same time, a light emittul mode 85 

^ S* i L , 6 ? !? driVe M° feedbaCk C ° ntr01 mode - 11 should be th" output 

35?t Sf^S?° m ^ ? T"-. i° 9 - S a ' S0 SUpplied 10 3 control circuit 93 - The ^on of thi/control 
circuit 93 will be explained m detail hereinafter. 

FIG. 8 is a circuit diagram illustrating a detailed construction of the phase comparator 82 and voltage 
comparator 84 The phase comparator 82 includes three D-flip-flops (D-FF) 89, 90, 91 and an OR late 92 

Sft n S T^ lgn - theta " Sub - V S enerated fr ™ *e phase comparator 78 is applied to D^of the 
firs D-FF 89 and the cmrent phase s.gnal .theta..sub.I generated from the phase comparator 80 is appl ed 
o clock input CK of D-FF 8 9. Q and Q outputs of this D-FF 89 are applied' to clock input CK of D FF 90 
and clock mput CK of D-FF 91, and Q outputs of these D-FFs 90 and 91 are applied to the OR gate 92 An 
output signal from the OR gate 92 is supplied to the latch circuit 109 as the resonance point diction 
signal R To D inputs of D-FFs 90 and 91 are applied a supply source voltage V.sub.CG The voSge 
comparator 84 comprises a comparator IC 84a and the absolute voltage signal . vertline V vertline derived 

vanable voltage source 84b ls connected to the non-inverted input. A voltage set by the variable voltage 

2 7 eSen r ? C tf ? S h ° M l6Vel L Sh ° Wn in FIG - 7 - ^ out P ut fr °-the opTrationll 8 
amplifier 84a is applied to clear terminals CLR of D-FFs 90 and 91. 

As illustrated in FIGS. 6A and 6B, the absolute current signal . vertline.I.vertline. generated from the 

S5E%f°Ti* 1 Vr PPl ^ t0 m inVCrted k P Ut 0f 3 differential ""PKfi- 94. To a non- nverted 
input of the differential amplifier 94 is applied a preset signal generated fro ma current setting circuit 95 
An ou put signal of the differential amplifier 94 is applied, via a limiter 96, to a control input tS of 
the voltage controlled amplifier 71 to control the amplification factor thereof such Sthe uk~ ^ 
SSX'ST ,S aIW ^ driVe " by * e P redet ™ d ^ent which is set by the cu ^en setting 
Sc ff T"? Settmg CirCUit 95 m COnnected a first variabl e resistor 97 for setting higher 
driving current leve and a second variable resistor 98 for adjusting a lower driving current level The 

EtEX^^tT? a contro1 signa] supplied from the contro ' «^ 

aunng the starting time penod, the dnvmg current is set to the lower current level and after PLL 60 has 

£ m—S the ^ ck rT l m ° de ' ** ***** CUITCnt is increased **> aSSJE lev ! In 
Ae manner explained above, the absolute current value .vertline.I.vertline. is compared with the preset 

Sfof vr^, ° m ^ Tfu S f ing CirCUit 95 in ^ differential ™P™<* ^and the axnpl fi2 n 

Z% vr 1S , C ° ntr ° lled by the difference therebetween to control the driving signal to be applied to 
the buffer amplifier 72 and power amplifier 74. Therefore, even when the impedance if varied due to A e 
vanation in the load to the hand piece 55, it is possible to drive the ultrasonic^ vibrating Semen 56 

Inline h^T* ^ « 8 *V*" S6t by ^ CUmnt netting circuit 95, so that the 4ST 
amplitude of the hand piece 55 can be maintained constant. 

the 5iSSS^J , pT n ^ * ******* 99 10 S enerate a tagger signal under the control of 
™»Z fj. "™ T e tng8er ? gnal 18 ap P ll6d t0 a reference voltage generator 100 to generate a reference 
voltage signal having a sawtooth waveform. This sawtooth voltage signal is applied to tn oscillator Si 
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formed by the voltage controlled oscillator to generate the reference signal .theta.. sub.ref having the 
monotonously increasing frequency. The frequency range of the oscillator 101 is substantially identical 
with that of VCO 68 in PLL 60. 

FIG 9 is a schematic view showing an example of the frequency ranges of the oscillator 101 and VCO 68 
As shown in FIG. 9, the oscillator 101 and VCO 68 generate the signals whose frequency is varied from 22 
KHz to 27 KHz In FIG. 9 there are also illustrated the frequency and phase characteristics of two 
ultrasonic ( A ) vibrating elements. It should be noted that these ultrasonic ( A ) vibrating elements are 
designed to operate within a frequency range from 23 KHz to 26 KHz. In the starting period the control 
circuit 93 sends a signal to the latch circuit 109 to reset it, and the switching circuit 83 is set by the latch 
circuit such that its switching arm is connected to the contact S. Therefore, the reference signal 
theta sub ref is supplied to the reference input terminal R of the phase comparator 65 in PLL 60. The 
trigger signal generated by the trigger circuit 99 is also supplied to a counter 102 which counts the number 
of the trigger signals generated from the trigger circuit. When the counter 102 has counted a predetermined 
number of trigger signals, it produces an abnormal detection signal by means of which the switching circuit 
73 is opened and a light emitting diode 103 is lit to indicate that any abnormal condition has occurred. It 
should be noted that the counter 102 is reset by a signal supplied from the control circuit 102 is reset by a 
signal supplied from the control circuit 93 when PLL 60 is changed from the sweep control mode to the 
feedback control mode. 

The output signal from the loop filter (*) 67 in PLL 60 is also supplied to a low pass filter ( A ) (LPF) 104 
to remove spike noise contained in the control voltage for VCO 68. The output of the low pass filter ( ) 
1 04 is applied to a window comparator 105. In the window comparator 105, the control voltage for VCO 
68 is compared with lower and upper threshold levels, these threshold levels being corresponding to the 
lower and upper frequencies of the frequency range of the voltage controlled oscillator 68 as well as of the 
oscillator 101. That is to say, in the present embodiment, the lower threshold level of the window 
comparator 105 corresponds to 23 KHz and the upper threshold level corresponds to 26 KHz as can be 
understood from the drawing of FIG. 9. When the control voltage becomes lower or higher than the lower 
or upper threshold levels, the window comparator 105 sends a reset signal to the control circuit 93. Then, 
the control circuit 93 sends a reset signal to the trigger circuit 99 to generate the trigger signal, and at the 
same time, the control circuit 93 sends a reset signal to the latch circuit 1 09 to reset its condition. 
Therefore, the reference signal .theta..sub.ref is generated from the oscillator 101 and the switching circuit 
83 is driven to selectively supply the reference signal to the phase comparator 65 in PLL 60. If the above 
explained resetting means is not provided, the oscillation frequency of VCO 68 is decreased or increased 
up to the lowest or highest frequency when the frequency of the driving signal becomes out of the 
automatic resonance frequency tracking range. In the present embodiment, the out-of lock condition is 
detected by the window comparator 105 and as soon as the driving frequency becomes out of the frequency 
range of the ultrasonic ( A ) vibrating element 56, PLL 60 is changed into the sweep control mode. The 
control voltage applied to the control terminal of VCO 68 is smoothed to a certain extent by the loop 
filter ( A ) 67, but when use is made of the edge trigger type phase comparator 65 and the loop filer must be 
designed to have the relatively high speed characteristic, so that the control voltage to be applied to VCO 
68 might contain spike noise at edges of the two input signals to the phase comparator 65. This spike noise 
might affect the operation of the window comparator 105. In the present embodiment, such a spike noise 
can be removed by the low pass filter ( A ) 104. 

To the control circuit 93 there are further connected a foot switch 106, a suction unit 107 for sucking body 
tissues cut by the ultrasonic surgical ( A ) knife, and a water supply unit 108 for cooling the probe 57 
coupled with the hand piece 55 as well as for washing the cut portion of the body. 

The absolute value of the .vertline.V.vertline. of the voltage detection signal supplied from the absolute 
value detecting circuit 79 is also supplied to a voltage comparator 86 and is compared with a 
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predetermined preset value to detect the impedance .vertline.Z.vertline.. The output of the voltage 
comparator 86 is used to selectively operate either one of light emitting diodes 87 and 88 which represent 
the short probe and the long probe, respectively. The output of the voltage comparator 86 is also used to 
control the matching switch operation in the select circuit 63. It should be noted that the above mentioned 
preset value in the voltage comparator 86 is determined such that the short probe 57 can be distinguished 
from the long probe 58 in a reliable manner. 

Now the operation of the ultrasonic surgical ( A ) knife according to the present embodiment will be 
explained in detail. 

As long as the foot switch 106 is made off, the switch 73 is opened and the switching circuit 83 is driven 
such that the switching arm is connected to the contact S so that the reference signal generated from the 
oscillator 101 will be supplied to the reference input terminal R of the phase comparator 65 in PLL 60. 

When the operator pushes down the foot switch 106 with his or her foot to enter the start signal to the 
control circuit 93, the control circuit resets the latch circuit 109 and counter 102 and sends the selection 
signal to the current setting circuit 95 to select the lower constant current setting variable resistor 98, so 
that the current setting circuit applies the lower current setting voltage to the differential amplifier 94. At 
the same time, the control circuit 93 sends the control signal to the switch 73 so that the switch is closed. 
Furthermore, the control circuit 93 supplies the reset signal to the trigger circuit 99 to generate the trigger 
signal. Then, the reference voltage generator 100 starts to generate the sawtooth shape reference voltage 
and the oscillator 101 starts to generate the reference signal . theta..sub.ref having the frequency which is 
increased linearly. This reference signal .theta..sub.ref is supplied to the reference input terminal R of the 
phase comparator 65 by means of the switching circuit 83. At the same time, the voltage phase signal 
.theta..sub.V generated from the comparator 78 is applied to the variable input terminal V of the phase 
comparator 65. After the phase lock loop 60 has been driven into the phase lock condition, it operates to 
sweep the driving frequency in accordance with the linearly varying frequency of the reference signal 
.theta.. sub. ref. 

As explained above, in the sweep control mode, the current setting circuit 68 operates to generate the lower 
current setting voltage, so that the amplitude of current of the driving signal is maintained to the 
predetermined lower level. The impedance of ultrasonic ( A ) vibrating element 36 is proportional to the 
voltage of the driving signal, because the ultrasonic ( A ) element is driven under the constant current mode. 
The variation of the driving signal voltage is detected by the voltage-current detecting circuit 75, 
differential amplifier 76 and absolute value detector 79 and is monitored in the voltage comparator 84 and 
is compared with the predetermined threshold level L. The absolute voltage value .vertline.V.vertline. is 
also supplied to a voltage comparator 86 and is compared therein with a predetermined value to detect the 
probe 57 connected to the hand piece 55. During the first scan the output signal from the voltage 
comparator 86 is supplied to the select circuit 63 to change the connection of the primary windings 61-1 
and 61-2 of the matching transformer 59. In this manner the output impedance of the driving circuit is 
matched to the impedance of the ultrasonic ( A ) transducer having the hand piece 55 including the 
ultrasonic ( A ) vibrating element 56 and the probe 57 coupled to the hand piece. At the same time, one of 
light emitting diodes 87 and 88 is lit to indicate the probe 57 coupled to the hand piece 55. 

During the second scan, when the absolute value of the driving voltage .vertline.V.vertline. becomes 
smaller than the threshold level V. sub.SET, i.e. the impedance of the ultrasonic ( A ) vibrating element 56 
is reduced lower than the predetermined value, the enabling signal S is supplied to the phase comparator 82 
and the phase comparator is allowed to compare the phases of the voltage and current phase signal .theta.. 
sub.V and .theta.. sub.I with each other. When the driving signal becomes in-phase with the resonance 
vibration of the ultrasonic ( A ) vibrating element 56, the phase difference between these signals becomes 
zero and the phase comparator 82 generates the resonance point detection signal R. Then, the latch circuit 
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109 is set by this signal and the output signal of the latch circuit 109 is supplied to the switching circuit 83 
to change the switching arm from the contact S to the contact F, so that PLL 60 is driven to operate ,n the 

109 The latch circuit 109 also sends, to the control circuit 93, the signal which represents that the driving 
frequency has been locked with the desired resonance frequency f.sub.r of the ultrasonic (*) vibrating 
demeS ?i response to this, the current setting circuit 95 is controlled to select tiie higher curren .setting 
variable resistor 97 and the higher current level setting voltage is applied to the differential amplifier 94, so 
tS th cSo thTLingfignal is adjusted to the predetermined higher level. Since PLL 60 operates in 
te£a££c^ mode, the frequency of the driving signal is automatically adjusted to the = ce 
frequency f.sub.r of the ultrasonic f») vibrating element 56. When PLL 60 is driven l into the feedback 
SSle, the control circuit 93 supplies the control signals to the suction unit 107 andwa e< -supply 
unit 108 and he desired operation is performed. Since this operation has been known in the ^elevan art of 
rSe,Tts detailed explanation is dispensed with. The above operation is continued until the : foot switch 
106k made off It should be noted that the transfer into the resonance point tracking mode ,s effected even 
if the impedance change is not carried out by the select circuit 63 during the first scan. 

If the resonance point is not found during the second frequency sweep, the frequency of the output 
oscillation of VCO 68 will be increased up to the maximum frequency of 27 KHz or will be decreased to 
Z lowest frequency of 22 KHz of the frequency range of VCO 68 and oscillator 101. In the present 
2£dS2KUy control voltage produced from the loop fltetjp 67 in PLL 60 .s momtored by 
the window comparator 105, and when this voltage becomes higher than the upper threshold value 
corresponding to the maximum frequency of 26 KHz or the minimum frequency of 22 KHz of the 
frequency range of the ultrasonic <*) vibrating element 56, the window comparator 105 supplies th preset 
signal to me control circuit 93, so that the trigger circuit 99 is driven again. Then, he oscil lata i ^10 restarts 
the generation of the reference signal .theta..sub.ref having the varying frequency to effect the frequency 
sweep again. In this manner, the frequency sweep operation is repeated until the driving signal 1S locked 
with L resonance frequency of the ultrasonic (*) vibrating element. The number of the reset ^operations _,s 
counted by the counter 102, and if the count value reaches a predetermined value such as ten, the switch 15 
is forcedly made off and the light emitting diode 103 is lit to indicate that the driving signal could not be 
locked with the resonance frequency of the ultrasonic (*) vibrating element 56. Then, the opera or can 
know that any abnormal condition has occurred in the hand piece 55. In this manner, it is possible to avoid 
any danger which might be produced when the ultrasonic (*) vibrating element 56 is continued to be 
driven under the abnormal condition. 

According to the ..Itr.-isnnir surgical rt knife explained above, the kind of the probe coupled with the 
hand piece can be automatically detected and the impedance matching is effected also automatically so 
that the hand piece can be driven always efficiently. Furthermore, the ultrasonic f A ) transducer can be 
positively driven into the resonance point tracking mode, and even if the tracking mode is lost, it is 
possible to effect the restart. Moreover, the abnormal condition of the hand piece 55 can be detected In the 
present embodiment, there is provided the constant current driving circuit, and thus the ultrasonic { ) 
vibrating element can be driven at the constant amplitude and the frequency characteristics of impedance 
can be detected in a simple manner, so that the resonance point can be detected accurately and positively. 
Further the voltage applied to the ultrasonic ( A ) vibrating element 56 and the current passing through the 
element are detected in the differential manner, so that the in-phase noise can be removed effectively and 
the desired voltage and current can be detected in regardless of the output type of the power amplifier 74. 
Therefore, the high tension circuitry surrounding the power amplifier can be floated with respect to the 
ground and the leakage current to the ground in the circuit of the ultrasonic ( A ) transducer can be reduced 
to a large extent. 

It should be noted that the voltage applied to the ultrasonic ( A ) vibrating element and the current flowing 
through the element are detected on the primary side of the matching transformer 59 but they may be 
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detected on the secondary side of the matching transformer. Further, the amplitude which is adjusted by 
means of the variable resistor 97 in the current setting circuit 95 may be set by other means. For instance, 
as shown in FIG. 10, there may be provided maximum and minimum value setting circuits 110 and 1 1 1 for 
the short probe 57 and maximum and minimum value setting circuits 112 and 113 and these circuits may 
be selected by a relay 1 14 in accordance with the output of the voltage comparator 86. In this modified 
embodiment, the probes 57 and 58 may have different withstanding properties. 

In the above explained embodiment, the impedance of two probes 57 and 58 is detected and the output 
impedance of the driving circuit is adjusted in accordance with the detected probe. According to the present 
invention, more than two probes may be detected to attain the proper impedance matching. In this case, 
there are arranged more than two taps on the primary side of the matching transformer 59 as shown in FIG. 
1 1. These taps may be selected by relays 117-1 and 1 17-2 in accordance with the impedance of the 
ultrasonic ( A ) vibrating element detected by an impedance detecting circuit 115. 

In order to protect the relay contacts for changing the primary windings of the matching transformer 59, the 
voltage applied to the ultrasonic ( A ) vibrating element 56 is reduced to zero upon the switching as 
explained before with reference to FIG. 3. It is also possible to insert a spark killer formed by CR circuit 
which does not affect within the driving frequency range between the contacts of the relay. Moreover, not 
only attain the impedance matching but also the frequency of the driving signal, an amount of supply water 
and so on may be changed in accordance with the detected impedance of the ultrasonic ( A ) vibrating 
element. Further, the present invention may be equally applied to various kinds of ultrasonic ( A ) devices 
such as ultrasonic ( A ) working machine other than the ultrasonic surgical ( A ) knife. 

The present invention also relates to the ultrasonic ( A ) oscillation generating apparatus in which the 
ultrasonic ( A ) vibrating element can be driven stably and safely without breaking the driving circuit and 
ultrasonic ( A ) vibrating element and subjecting the living body to danger. In the ultrasonic ( A ) oscillation 
generating apparatus according to the invention, in order to attain the above object, there is provided a 
limiter for limiting the maximum amplification factor of the voltage controlled amplifier which is 
controlled in accordance with the driving current. 

FIG. 12 is a block diagram showing the basic construction of the ultrasonic ( A ) oscillation generating 
apparatus according to the present invention, in which the maximum amplification factor is limited. An 
output of an oscillator 121 is supplied to a voltage controlled amplifier (VCA) 122 whose amplification 
factor can be varied. The output of VCA 122 is amplified by a power amplifier 123 and is then supplied to 
an ultrasonic ( A ) vibrating element 124. The ultrasonic ( A ) vibration produced by the ultrasonic ( A ^ 
vibrating element 124 is transmitted to a probe 125. A current passing through the ultrasonic ( A ) vibrating 
element 125 is detected by a current detector 126 and an output of the current sensor is supplied via low 
pass filter ( A ) (LPF) 127 and voltage limiter 128 to VCA 122 as the amplification factor control signal. 

FIG. 13 is a circuit diagram illustrating the detailed construction of a major part of the apparatus shown in 
FIG. 12. The power amplifier 123 comprises a differential amplifier 123-1 and a push- pull amplifier 
having two transistors 123-2 and 123-3. To inputs of the differential amplifier 123-1 are supplied the 
output of the oscillator 121 and the output of the power amplifier 123, and the output of the differential 
amplifier 123-1 is supplied to the bases of the transistors 123-2 and 123-3. The output of the power 
amplifier 123 is derived from the commonly connected emitters of the transistors 123-2 and 123-3 and is 
supplied via a matching transformer 129 to the ultrasonic vibrating element 124. The current sensor 
126 comprises a transformer 126-1 and a differential amplifier 126-2 for detecting the absolute value of the 
output of the transformer 126-1. The output of the differential amplifier 126-1 is supplied to LPF 127. 

The low pass filter ( A ) 127 comprises a differential amplifier 127-1 to whose inverted input is supplied the 
output of the differential amplifier 126-2 via a resistor 127-6, a capacitor 127-2 and a resistor 127-3 
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connected in parallel with each other across the output terminal and the non-inverted input terminal of the 
differential amplifier 127-1, and a variable reference voltage supply source 127-5 connected to the 
non-inverted input terminal of the differential amplifier 127-1 via a resistor 127-4. The reference voltage 
supply source 127-5 is provided for setting the driving current for the ultrasonic ( A ) vibrating element to a 
given level. The output of the differential amplifier 127-1 is supplied to the voltage limiter 128. 

The voltage limiter 128 includes a zener diode 128-1 having a given threshold voltage which limits the 
maximum level of the output voltage of the limiter 128 so that the maximum amplification factor of VCA 
122 can be limited by the threshold voltage of the zener diode 128-1. That is to say, the amplification 
factor of VCA 122 can be adjusted within a range below the maximum level such that the driving current 
for the ultrasonic ( A ) vibrating element is made identical with the value set by the reference voltage supply 
source 127-5 in LPF 127. 

By constructing the apparatus as explained above, even if the driving current for the ultrasonic 
vibrating element 124 is reduced to a great extent and the output of LPF 127 is varied largely in accordance 
with the change in the electric property of the ultrasonic ( A ) vibrating element due to the variation of the 
object to which the tip of the probe 125 is urged, the amplification factor of VCA 122 is not increased 
extraordinarily, because the control voltage for VCA 122 is limited by the voltage limiter 128. Therefore, 
the driving circuit and ultrasonic ( A ) vibrating element can be effectively prevented from being applied ' 
extraordinarily high voltages which might cause the breakage of these parts. Further, the patient can be 
protected against the danger and injure, and the ultrasonic ( A ) vibrating element 124 can be operated 
stably and safely. 

FIG. 14 is a block diagram depicting another embodiment of the ultrasonic ( ^ oscillation generating 
apparatus according to the present invention. In this embodiment, the impedance of the probe 125 
detachably coupled with the ultrasonic vibrating element 124 is detected by a probe identification 
circuit 131 for detecting a kind or type of the probe 125 in accordance with the impedance of the 
ultrasonic ( A ) vibrating element 124 and the maximum amplification factor of VCA 122 is adjusted by a 
voltage limiter 132 which is constructed to change the threshold value. The remaining construction of the 
apparatus according to the present invention is the same as the embodiment shown in FIG. 13. 

FIG. 15 is a circuit diagram showing the detailed construction of the probe identification circuit 131 and 
voltage limiter 132 shown in FIG. 13. The probe identification circuit 131 comprises an impedance 
detecting circuit 133 for detecting the impedance of the probe 124, comparators 134-1 to 134-3 whose 
positive input terminals are connected to the output terminal of the impedance detecting circuit 133 and 
whose negative input terminals are connected to a supply source voltage V, NOT gates 135-1 and 135-2 
and AND gates 136-1 and 136-2. In the present embodiment, the ultrasonic (*) vibrating element is driven 
by the constant current, so that the impedance detecting circuit 133 may be composed of a voltage 
detecting circuit. The voltage limiter 132 comprises three switches 137-1 to 137-3 connected in parallel 
with each other, and three zener diodes 138-1 to 138-3 connected in series with respective switches It 
should be noted that the zener diodes 138-1 to 138-3 have different threshold voltages. When the 
impedance of the ultrasonic ( A ) vibrating element is high, all the comparators 134-1 to 134-3 produce 
outputs, so that the AND gates 136-1 and 136-2 do no generate the outputs. Therefore, only the switch 
137-1 is closes and the zener diode 138-1 is connected to the output terminal of LPF 127 When the 
impedance of the ultrasonic (*) vibrating element is low, only the comparator 134-3 generates the output 
so that only the switch 137-3 is closed and the zener diode 138-3 is connected to LPF 127. When the 
ultrasonic ( A ) vibrating element has the impedance which is between said high and low values the 
comparators 134- 2 and 134-3 produce the output and the AND gate 136-1 actuates the switch 137-2 and 
he zener diode 138-2 is connected to LPF 127. In this manner, the maximum voltage applied to the control 
terminal of VCA 122 can be changed in accordance with the impedance of the ultrasonic vibrating 
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FIG. 16 is a side view showing the detailed construction of the hand piece and the probe coupled thereto. 
The ultrasonic ( A l vibrating element 143 is secured to a main body 142 of the hand piece 141. To the main 
body 142 is secured a hone 144 for amplifying the vibration of the ultrasonic ( A ) vibrating element and a 
flexible tube 145 is connected to the hone. Within the tube 145, there is formed a conduit 146 which is 
communicated with a suction tube 147 via the hand piece 141. The tube 145 is installed in a flexible 
insertion tube 148 of the endoscope. At the proximal end of the insertion tube 148 are provided a handle 
section 149 and a slider 150, and the tube 145 is secured to the slider 150. The slider 150 is biased by a 
spring 151 to move away from the handle section 149. By moving the slider 150 toward the handle section 
149 against the force of the spring 151, the distal end of the tube 145 is protruded from the tip of the 
insertion tube 148 and is brought into contact with the tissues of a body to be processed. Within the 
insertion tube 148, there is also arranged an optical observing device including light guide optical fiber 
bundle, objective lens system and image guide optical fiber bundle, and an eye piece 152 coupled with the 
image guide fiber bundle is provided at the proximal end of the insertion tube 148. 

By using the above explained apparatus, the object to be processed is observed by the endoscope and the 
tip of probe 145 is urged against the object, and then the ultrasonic ( A ) vibrating element 143 is driven to 
produce the ultrasonic ( A ) oscillation. The object is broken by the ultrasonic ( A ) vibration into pieces and 
the tissues are taken out of the patient body by means of the conduit 146. 

It should be noted that the present invention can be applied not only the above explained ultrasonic ( A 1 
suction apparatus, but also the ultrasonic surgical ( A ^ knife and ultrasonic ( A ) working apparatuses. 

Further, in the embodiments so far explained the kind of the probe coupled with the ultrasonic ( A ) 
vibrating element is identified by detecting the impedance of the probe. However, according to the 
invention the probe may be identified by various methods. For instance, the shape of the base portion of the 
probe which is coupled with the front end portion of the ultrasonic ( A ) vibrating element may be changed 
in accordance with the kind of the probe and this shape of the end portion of the probe may be detected by 
detecting resistors arranged on the front end surface of the ultrasonic ( A ) vibrating element or an optically 
readable member such as a bar code and a means for detecting or reading the shape or the mark may be 
provided in the front end portion of the ultrasonic ( A ) vibrating element. 

As explained in detail, in the ultrasonic ( A ) oscillation generating apparatus according to the present 
invention, since there is provided the means for limiting the upper threshold value of the amplification 
factor of the voltage controlled amplifier which is controlled on the basis of the driving current for the 
ultrasonic ( A ) vibrating element, even if the electrical property of the ultrasonic ( A ) vibrating element is 
changed to a great extent and the signal for controlling the amplification factor of the voltage controlled 
amplifier is increased extraordinarily, the amplification factor is restricted to the predetermined maximum 
value so that the voltage applied to the ultrasonic ( A ) vibrating element is not increased and the driving 
circuit and the ultrasonic f A l vibrating element can be protected effectively. Further the object to be 
processed can be effectively prevented from being injured to be processed can be effectively prevented 
from being injured and the ultrasonic ( A ) vibrating element can be driven stably and safely. 

Drawing Description 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1 A and IB are schematic views showing the vibration mode of the known ultrasonic ( A ) oscillation 
generating circuit; 

FIG. 2 is a block diagram illustrating the principal construction of the ultrasonic ( A ) oscillation generating 
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apparatus according to the invention; 

FIG. 3 is a block diagram depicting a first embodiment of the ultrasonic ( A ) oscillation generating 
apparatus according to the invention; 

FIG. 4 is a flow chart for explaining the generation of the apparatus shown in FIG. 3; 

FIGS. 5 A and 5B are graphs showing the frequency characteristic of the driving voltage; 

FIGS. 6 A and 6B are is a block diagram illustrating a second embodiment of the apparatus according to the 
invention; 

FIG. 7 is a graph representing the relationship between the frequency characteristic of the driving voltage 
and the output of the voltage comparator; 

FIG. 8 is a block diagram showing the construction of the phase comparator; 

FIG. 9 is a graph showing the frequency range of the ultrasonic ( A ) vibrating element and the oscillator; 

FIG. 10 is a block diagram illustrating a third embodiment of the apparatus according to the invention; 

FIG. 1 1 is a block diagram depicting a fourth embodiment of the apparatus according to the invention; 

FIG. 12 is a block diagram showing the basic construction of the ultrasonic ( A ) oscillation generating 
apparatus according to the invention, in which the amplitude of the driving signal is limited; 

FIG. 13 is a block diagram showing an embodiment of the apparatus according to the invention; 

FIG. 14 is a block diagram illustrating another embodiment of the apparatus according to the invention; 

FIG. 15 is circuit diagram showing the detailed construction of a major part of the apparatus; and 

FIG. 1 6 is a side view depicting the whole construction. 

Claims 

What is claimed is: 

1 . An apparatus for generating an ultrasonic ( oscillation comprising: 

an ultrasonic ( A ) transducer having an ultrasonic (*} vibrating element for producing an ultrasonic ( A ) 
oscillation and a probe for transmitting the oscillation produced by the ultrasonic ( A ) vibrating element; 

a driving circuit for supplying a driving power to said ultrasonic f A ) vibrating element; 

an impedance matching means connected between said ultrasonic ( A ) transducer and said driving circuit 
for matching the output impedance of the driving circuit to the impedance of said ultrasonic < A ) 
transducer; 

an impedance detecting means for detecting the impedance of said ultrasonic ( A ) transducer to generate an 
impedance detection signal; and 
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controlling means for automatically controlling said impedance matching means in accordance with said 
impedance detection signal supplied from said impedance detecting means such that the output impedance 
of said driving circuit is matched to the impedance of said ultrasonic ( A ) transducer. 

2. An apparatus according to claim 1, wherein said impedance matching means comprises a matching 
transformer having a plurality of primary windings and a secondary winding, said secondary winding being 
connected to the ultrasonic ( transducer, a switching circuit for selectively connecting one of said 
primary windings between said driving circuit and said ultrasonic ( A ) transducer, and a control circuit for 
controlling said switching circuit in accordance with said impedance detection signal supplied from said 
impedance detecting means such that the output impedance of said driving circuit is matched with the 
impedance of the ultrasonic ( A ) transducer. 

3. An apparatus according to claim 2, wherein said switching circuit comprises a relay driven by said 
control circuit. 

4. An apparatus according to claim 1, wherein said impedance detecting means comprises a circuit for 
detecting a voltage of said driving power supplied to the ultrasonic ( A ) transducer for use in determining 
the impedance of the ultrasonic ( A ) transducer. 

5. An apparatus according to claim 4, wherein said circuit for detecting the voltage of the driving power is 
provided on an input side of said impedance matching means. 

6. An apparatus according to claim 5, wherein said driving circuit comprises a constant current supply 
source for supplying a constant current to vibrate said ultrasonic ( A ) vibrating element at a constant 
amplitude. 

7. An apparatus according to claim 4, wherein said driving circuit comprises a constant current supply 
source for supplying a constant current to vibrate said ultrasonic ( A ) vibrating element at a constant 
amplitude. 

8. An apparatus according to claim 7, wherein said constant current supply source is constructed to supply 
a first low constant current which is sufficiently low not to drive the ultrasonic ( A ) vibrating element 
during a time period in which said impedance detecting means detects the impedance of the ultrasonic ( A ) 
transducer and a second high constant current which is sufficiently high to drive the ultrasonic ( A ) 
vibrating element. 

9. An apparatus for generating an ultrasonic ( A ) oscillation, comprising: 

an ultrasonic ( A ) transducer having an ultrasonic ( A ) vibrating element for producing an ultrasonic ( A ) 
oscillation and a probe for transmitting the oscillation produced by the ultrasonic ( A ) vibrating element; 

a driving circuit for supplying a driving power to said ultrasonic ( A ) vibrating element; 

an impedance matching means connected between said ultrasonic ( A ) transducer and said driving circuit 
and including at least two matching transformer means for matching the output impedance of the driving 
circuit to the impedance of said ultrasonic ( A ) transducer; and 

controlling means for automatically controlling said impedance matching means such that the output 
impedance of said driving circuit is matched to the impedance of said ultrasonic ( A ) transducer. 
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10. An apparatus according to claim 9, wherein said controlling means comprises an impedance detecting 
means for detecting the impedance of said ultrasonic ( A ) transducer to produce an impedance detection 
signal and a selection circuit for selectively connecting one of said at least two transformer means between 
said driving circuit and said ultrasonic ( A ) transducer in accordance with said impedance detection signal. 

1 1. An apparatus according to claim 10, wherein said impedance detecting means comprises a voltage 
detection circuit for detecting a voltage of said driving power supplied to said ultrasonic f A ) transducer 
and a judging circuit for determining the impedance of the ultrasonic ( A ) transducer in accordance with the 
voltage detected by said voltage detection circuit. 




_J Include 



Home Search List First Prev Next Last 



For further information, please contact: 
Technical Support [ Billing | Sales I General Information 



THIS PAGE BLANK 



t icroPatent PatSearch - US5406503 



http://www.micropatcnt.com/cgi-bin/ps] 




HSIr 



Go to 



ZS Include 



Home Search List First Pre? 



Next Last 



MicroPatent® PatSearch FullText: Record 570 of 829 



Search scope: US EP WO JP; Full patent spec. 
Years: 1990-2001 

Text: "Ultrasonic" and "medical" and "filter" and "surgical" 

[no drawing available] 



| Download This Patent | Family Lookup 
Go to first matching text 

US5406503 

Control system for calibrating and driving ultrasonic ( A ) transducer 

American Cyanamid Company 
Inventor(s): Williams, Jr., Daniel L. ; Kepley, Kevin P. ; Painter, John A. 
Application No. 954693, Filed 19920930, Issued 19950411 

Abstract: An electronic control system for determining the resonant frequency of and driving 
ultrasonic ( A ) transducers in a phacoemulsification probe used for ophthalmic surgery. The control system 
includes a voltage control led oscillator, power amplifier, power monitor, and automatic gain control 
circuit operating under the direction of command signals received from a microprocessor-based control 
console. The control system operates in a constant apparent power, direct drive mode with closed loop 
feedback maintaining the electrical power provided to the primary of a RLC transformer at the constant 
level requested by the command signals from the console. The frequency of the drive signal is held at the 
dominant resonant frequency of the ultrasonic ( A ) transducer which is being driven by the control system. 
This resonant frequency is determined via a calibration procedure performed when the probe is first 
attached to the control system. During this procedure a constant voltage drive signal is swept through a 
range of frequencies and the electrical power consumed by the transducer is measured and stored at 
selected intervals such as 100 Hertz increments. The resonant frequency is also determined in part by 
looking for the frequency at which maximum power is consumed by the probe. The stored data is also 
subjected to other tests to check that the peak is indeed a resonant frequency and that the probe has selected 
output power characteristics about this resonant frequency, thus helping to ensure that the probe is capable 
of operating satisfactorily when driven by the control system. 
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eye using a vibrating probe which operates at a frequency above the audio range. It is a well- known and 
widely used surgical ( A ) procedure for disintegrating cataracts. The probe includes a hollow needle 
vibrating at ultrasonic ( A ) frequencies to shatter the cataract; the shattered debris are withdrawn through 
the hollow part of the needle. The needle is mounted in an instrument which sometimes is referred to as a 
phacoemulsification handpiece, phaco handpiece or phaco probe. A number of designs for such handpieces 
or probes are known, the most common of which utilize piezoelectric transducers to produce the vibrations 
of the needle at ultrasonic ( A ) frequencies. Aforementioned application Ser. No. 07/251,531 describes and 
claims one such phacoemulsification probe that is commercially available from the assignee of the present 
invention, namely Storz Instrument Company of St. Louis, Mo. (hereinafter "Store"). 

FIGS. 1 A and IB illustrate the construction of the phaco probe disclosed in the aforementioned application 
Ser. No. 07/25 1,53 1 . The probe 20 includes an ultrasonic ( A ) transducer 22 located between a reflector 24 
and resonator 26. The transducer 22 includes an electrode 30, constructed of unhardened #01 carbon steel, 
and two piezoelectric crystals 32 and 34. The crystals 32 and 34 may be constructed, for example, of a 
modified lead zirconate titanate ceramic material, formed into rings, and silver coated for electrical 
conductivity. Materials of this type are marketed under the trade name PXE by the Electronic Components 
and Materials Division of North American Phillips Corporation. An electrical lug 36 fastened to the 
electrode 30, allows a connection to be made to a power supply. An insulating tube 40 fits within the bore 
of the transducer 30. The reflector 24 is fastened to the resonator 26 by a hollow threaded tube 42 which 
mates to the threaded regions 44 and 46 in the reflector and resonator respectively. 

Both the hollow tube 42 and the resonator 26 are preferably constructed of 6AL-4V titanium. Reflector 24 
is constructed of the #17 tungsten. The insulating sleeve 40 may be made of Teflon. To assemble the 
components shown in FIG. IB into the completed assembly 20 shown in FIG. 1 A, threaded tube 42 is first 
threaded into the resonator 26 until the end 52 is seated against the shoulder 56 in the resonator 26. Then 
the reflector 24 is threaded onto the tube 42 until the transducer is compressed the desired amount. 

The phaco probe 20 shown in FIG. 1 may be used as follows. A phacoemulsification needle 28, known in 
the art, such as Model No. I A- 145 available from Storz, is screwed into the threaded end 58 of resonator 
26. In use, the needle 28 vibrates in a longitudinal mode by alternately compressing to a retracted position 
illustrated by solid lines in FIG. 1 A and expanding to a extended position illustrated by phantom lines 60. 
The vibrational displacements, indicated by dimension 62, may be anywhere from about 0.001 inch to 
about 0.005 inch, depending upon the strength and frequency of the electrical drive signal applied to the 
transducer. The vibration of the needle nominally occurs at the oscillation frequency of the piezoelectric 
crystals 32 and 34, which are coupled to the needle 28 through the resonator 26. Curved region 66 of the 
resonator 26 acts as a horn in order to impedance-match the crystals with the needle 28. Resonator 26, as a 
whole, functions as a one-quarter wave length transmission line (at the crystal frequency) on which needle 
28 acts as a load. 

The crystals 32 and 34 in FIG. 1 are driven by a signal applied to the electrode 30 and the reflector 24. The 
application of an alternating current signal to the crystals 32 and 34 causes them to cyclically expand to the 
extended position shown by phantom lines 70 in exaggerated form in FIG. IB, and then contract to the 
solid position also shown in FIG. IB. 1 This cyclic expansion and contraction applies mechanical pulses to 
the resonator 26 at the signal frequency. The vibrating needle 28, when brought near a cataract, causes the 
cataract to shatter. The shattered debris is withdrawn through the channel 72 of the probe 20 under the 
influence of a vacuum generated by vacuum source 74 that is attached to the connector 76 by conventional 
plastic tubing represented by line 78. 

As is known in the art, it is possible to construct piezoelectric crystals of various different materials, each 
of which has a characteristic resonant frequency. The crystal transducer 22 used with the Storz 
phacoemulsification probes of the type shown in FIG. 1 require a driving signal frequency applied to 
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Hz. Thus even with the closed loop system, it has proved difficult under actual conditions to achieve 
consistently the desired match up between the frequency of the input signal to section 104 and the actual 
instantaneous resonant frequency of the transducer/probe combination. 

As is well known, it is beneficial, in terms of operating efficiency, to provide a driving signal to an 
ultrasonic ( A ) transducer at its nominal resonant frequency. It has also been determined that when there is 
a slight mis-match between the frequency of the input signal and the natural resonant frequency of the 
transducer/probe combination, the stroke length of the needle is varied even as the command voltage 
supplied on line 1 12 from the console remains constant. At times, this mis-match of frequencies can result 
in a noticeable change in the ability of the oscillating needle 28 to perform its function, such as shattering 
the cataract within the eye. An operating surgeon who notices this change in performance will tend to 
compensate for such variations by either increasing or decreasing the strength of the command signal as 
needed. However, it would be quite advantageous to have a phaco probe driving circuit which is capable of 
maintaining the stroke length substantially constant even as the resonant frequency of the transducer/probe 
combination changes on account of one or more of the aforementioned five factors so that the surgeon 
would not have to compensate manually for such changes. 

In light of the foregoing observation, it is a first object of the present invention to provide a system and 
method for automatically determining the resonant frequency of an ultrasonic ( A ) transducer. A related 
object of the present invention is to provide a method for automatically checking whether an ultrasonic ( A ) 
instrument is in proper operating condition. 

A second important object of the present invention is to provide a driving system for an ultrasonic ( A ) 
transducer/phaco probe combination which automatically maintains the needle stroke length constant for a 
constant input command from the user. Another related object of the present invention is to provide a 
method of driving an ultrasonic ( A ) transducer of an ophthalmic surgical ( A ) instrument by holding 
electrical power consumed by the transducer substantially constant for a desired level of power 
consumption through the use of closed loop feedback control. 

SUMMARY OF THE INVENTION 

In light of the foregoing objects, there is provided, according to a first aspect of the present invention, a 
method for automatically determining the resonant frequency of a surgical ( A> ) instrument powered by an 
ultrasonic ( A ) transducer. This method comprises the steps of: (a) providing an alternating current electric 
driving signal during a substantially constant voltage level to drive the ultrasonic ( A ) transducer at any 
desired one of a number of frequencies within a given range of frequencies; (b) monitoring the electrical 
power consumed by the probe at different frequencies within the range of frequencies; (c) selecting an 
apparent resonant frequency within the range of frequencies by determining which frequency, out of those 
frequencies which were monitored, had the greatest electrical power from the driving signal consumed by 
the probe; (d) comparing the amount of power consumed at the apparent resonant frequency with amounts 
of power consumed by the probe at a first frequency below the apparent resonant frequency and at a second 
frequency above the apparent resonant frequency; and (e) deciding whether the apparent resonant 
frequency is the dominant resonant frequency of the probe at least in part based upon the results of the 
comparisons performed in step (d). 

According to a second aspect of the present invention, there is provided a method for checking if an 
ultrasonic ( A ) transducer in a surgical ( A l instrument is in proper operating condition. This method 
comprises the steps of: (a) providing an alternating current electric driving signal to the transducer in order 
to drive the transducer at any desired one of a number of frequencies within a given range of frequencies; 
(b) changing the frequency of the driving signal such that the driving signal operates at plurality of 
different frequencies spanning the range of frequencies; (c) monitoring the electrical power consumed by 
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The conceptual basis for the present invention is the belief that the electrical power consumption of an 
acoustic resonant transducer operating in a fundamental vibration mode is directly correlated to the 
vibration amplitude of the transducer. From a practical view point, a given population of acoustic 
transducers will have differing resonant frequencies and impedances. Therefore, one goal of the methods 
and control system of the present invention is to level out the performance of these transducers devices as 
measured by vibration amplitude. Since the acoustic resonator, for example the type shown in FIG. 1, may 
be used to mechanically drive a hollow phaco needle, the excursion of the needle tip, that is the cyclical 
stroke length, may be used to measure the performance of the entire phaco probe. 

Previous phacoemulsification probe drive systems have used a variety of constant voltage or constant 
current circuit schemes. For example, the FIG. 2 phaco drive circuit described above used a constant 
voltage oscillator structure, where the availability of a drive signal depends directly on the compatibility 
between the probe's impedance characteristics and the probe's electrical interactions with both the amplifier 
output circuit and the feedback network. Accordingly, it is necessary to match the characteristics of the 
probe to be driven quite closely to the characteristics of the amplifier output circuit and feedback network. 

In contrast the phaco drive system of the present invention operates in a constant power, direct drive mode. 
There is always a drive signal available. Further, the frequency of this drive signal is fixed based upon 
results of successfully completing a calibration routine. This routine or method is designed to find the 
fundamental resonant frequency of the phaco probe, and to ensure the compatibility between the probe 
power spectral characteristics and the driving circuit of the present invention. 

These and other objects, advantages and aspects of the methods and drive system of the present invention 
may be further understood by referring to the detailed description, accompanying figures and dependent 
claims. 

Detailed Description 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

FIG. 3 shows a simplified block diagram of the electronic control system 120 for determining the dominant 
resonant frequency of and for driving a phaco handpiece. The control system 120 includes: a 
microcomputer 122 having a processor 124, volatile (RAM) memory 125, nonvolatile (ROM) memory 
126, and a control/address/data bus 128 communicating in conventional fashion with input ports 130 and 
output ports 132 and other portions of microcomputer 122; a voltage controlled oscillator ("VCO") section 
134; a power amplifier section 136; a power monitor section 138; and an automatic gain control ("AGC") 
section 140. The control system 120 may also include a transformer section 142 for stepping up the voltage 
of the power drive signal delivered from the power amplifier 136 to the phaco handpiece 20. The 
microcomputer 122 provides a first desired power command signal (C.sub.pl) on signal path 148. 
frequency command signal (C.sub.F) on path 150 to the VCO section 134, and may optionally receive back 
an actual frequency signal (F.sub. A) on signal path 152. 

VCO section 134 provides to signal path 154 an unamplified sinusoidal signal (V.sub.U) at the desired 
frequency whose amplitude is proportional to the desired power level specified by signal C.sub.pl. This 
signal is amplified by power amplifier section 136, and which produces an amplified sinusoidal power 
signal (V.sub.A) on line 156 which is supplied to the transformer section 142 and also to the power 
monitor section 138. Power amp section 136 also receives an error correction signal (E.sub.C) on line 160 
from AGC section 140. AGC section 140 receives a second desired power level command signal (C.sub. 
P2) on path 162, and a control signal on path 163 from microcomputer 122, and receives a monitored 
power level signal (M.sub.P) on line 168 from power monitor section 138. The power monitor section 
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the electrical power consumed by the probe 20. The processor 124 fills a table in memory 125 with ordered 
pairs consisting of signal frequencies and load power information. Several tests are performed on this data, 
which will be described later below, which ensure a minimum compliance of the curve representing the 
acquired data against: standard curve for an ideal ultrasonic ( A ) transducer/probe combination. Certain 
variances from the standard curve indicate specific types of failure conditions existing in the phaco 
handpiece 20, such as open or short circuits, missing or loose needles, and excessively damped transducers. 
These tests will also fail if the wrong transducer type is connected to the transformer section 142. 

If the initial calibration procedure is successful, the processor 124 will store the frequency at which the 
load power was at a maximum. That single frequency will then be used when driving the phaco handpiece 
20 until such time as the next phaco calibration sequence is performed. After calibration, the outer control 
loop Just described is opened, and the inner control loop is engaged. 

The inner control loop uses the automatic gain control section 140 as well as sections 136, 138 and 142. 
When the inner control loop is to be engaged, an appropriate control signal is provided on path 163, which 
enables an automatically determined error correction signal on line 160 to be provided to the power 
amplifier section 136. 

The operation of the automatic gain control section 140 may be summarized as follows. When the 
processor 124 commands a specific percent power level via signal C.sub.P2 on path 162, an analog 
reference voltage is generated internally with the AGC section 140. The voltage representing load power 
on line 168 is compared to this reference voltage and the difference is integrated in the hardware of the 
AGC section 140. The output of an internal integrator circuit is provided as the error correction signal 
E.sub.C on line 160, and drives the gate of a field effect transistor ("FET") located in power amplifier 
section 136. The channel resistance of this FET provides a shunt path to ground for the desired power level 
command signal V.sub.U provided on line 154. The larger the channel resistance of the FET, the stronger 
the power signal provided to drive the probe 20. The result of the operation of the closed loop is that the 
amplitude of the power signal on line 156 is constantly changing to match the changing impedance 
characteristics of the probe 20. 

FIG. 4 shows a detailed block diagram of the control system 120 shown in FIG. 3, except for the 
microcomputer system 122. In particular, FIG. 4 shows all of the functional hardware components which 
constitute part of the driving circuitry of control system 1 20. The major blocks shown in FIG. 3 are shown 
in dashed lines in FIG. 4 to facilitate comparison between FIGS. 3 and 4. The components within the 
various blocks will be discussed, followed by an explanation of the interaction of the various sections. 

VCO section 134 includes a digital-to-analog converter ("DAC") 210, a voltage controlled oscillator 212, 
pre-amplifier 214, a frequency counter 216 including a digital counter section 218 and control interface 
220 and a second DAC 222. The first DAC 210 receives the frequency command signal on path 152 in 
digital form and converts it to a corresponding analog voltage on line 226 which inputs it into the oscillator 
212. VCO 212 produces a sinusoidal output signal having a frequency corresponding to the applied input 
voltage. The design of the voltage controlled oscillator 212 is conventional, and may be designed to 
produce an output signal in a selected range of frequencies. In the preferred embodiment, the VCO 212 
produces 35 kilohertz at the minimum input voltage and 21 kilohertz at the maximum input voltage 
V.sub.CC. DAC 210 and DAC 222 preferably have 12-bit resolution for 4,096 different possible output 
values. Pre-amplifier 214 strengthens and smoothes out the sinusoidal signal on line 228 to produce a fixed 
amplitude voltage signal (V.sub.F) on line 230. Signal V.sub.F is fed to the input of frequency counter 216 
and to the voltage reference terminal of DAC 222. 

Frequency counter 216 is used to check the output frequency of the VCO 212 in response to known values 
input to DAC 210 by signal path 152. Control signals delivered on path 232 from microcomputer 122 to 
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amount of power lost across resistor 302 represents well under 10% of the total power consumed by the 
probe 20, even under most low power conditions. Thus the amplifiers 310 and 312 could be omitted and 
the line 300 wired directly to the V.sub.X input of multiplier 320 if desired. However, for the sake of more 
accurate performance, the preferred embodiment includes amplifiers 310 and 312 as shown. The signal 
M.sub.P on line 168 is also supplied to 12-bit resolution ADC 175 which, as previously explained, outputs 
the digital value of the signal M.sub.P to microcomputer 122. 

AGC section 140 includes signal interface 330, 12-bit resolution DAC 332, voltage amplifier 334 having a 
fixed gain G, multiplier 336, integrating difference amplifier 338 and analog switch 340, all connected as 
shown. Signal interface 330 conditions the control signal on line 163 from microcomputer 122 to produce 
the digital control signal 342. In one state, the signal on line 342 causes analog switch 340 to be 
nonconducting, thus blocking the output signal on line 344 from passing to line 160. In its other state, the 
control signal on line 342 causes analog switch 340 to be fully conducting, thus allowing the output signal 
of line 344 to pass freely to line 160. Those in the art will appreciate when analog switch 340 is rendered 
nonconducting by the signal on line 342, the AGC section 140 is effectively removed from the control 
system, as was described within the explanation of the calibration procedures above with respect to FIG. 3. 

DAC 332 converts the digital C.sub.P2 on path 163 to an analog value V.sub.C2 on line 352. Signal 
V.sub.C2 is multiplied by G in amplifier 334 and passed to both inputs of multiplier 336. The resulting 
output signal on line 356 of multiplier 336 is thus proportional to the square of the input signal presented 
on line 354. The motivation for using the multiplier 336 in the AGC section 140 is that it effectively 
increases the dynamic range of AGC section 140 which not sacrificing much if anything in the way of 
accuracy. In the preferred embodiment, the digital value C.sub.P2 is proportional to the square root of the 
desired power level signal C.sub.Pl, whose value is proportional to desired level of power communicated 
by the surgeon to the microcomputer 122. If multiplier 336 were not used, then, the signal C,sub.P2 would 
be directly proportional to the desired level of power, and the output of scaling amplifier 334 would be fed 
directly to the positive input of integrating difference amplifier 338. By providing the square root of the 
desired power signal as the digital value C.sub.P2 on path 162, the AGC section is provided with greater 
sensitivity at lower values of desired power, which can be advantageous from a user's point of view. 

Difference amplifier 338 includes a feedback capacitor 358 so that AGC circuit thus employs both 
proportional and integral, while still providing feedback control. As is well known, integral feedback 
control has the beneficial tendency under steady-state loop conditions to drive the absolute errors in a 
closed loop feedback system to zero. In the preferred embodiment, the capacitor 358 is sized to have an RC 
time constant of approximately 35 to 100 milliseconds with about 50 to 65 milliseconds being preferred, 
and the amplifier 338 preferably has a gain of about one. 

When the inner loop is engaged, the control system 120 shown in FIG. 4 continuously provides a driving 
signal V.sub.A on line 156 whenever the desired power level signals C.sub.Pl and C.sub.P2 are non zero. 
Further, the frequency of the driving signal when the probe 20 is in use is always set at the dominant 
resonant frequency of the transducer/probe combination, as determined by the calibration procedure, which 
will be more fully explained shortly. The effect of changes in the actual instantaneous resonant frequency 
of the combination of the probe 20 and its ultrasonic ( A ) transducer 22 is compensated for by the error 
signal E.sub.C produced by the AGC section 140, which automatically adjusts the effective gain of power 
amplifier section 136 as needed. As can be seen from the foregoing discussion of power monitor section 
136 and AGC section 140, the actual electrical power consumed by the probe/transducer combination is 
compared against the desired power level to obtain the correction signal. For stability and in order to 
eliminate long-term offset errors in the closed loop system, difference amplifier 338 integrates the error 
signal on its output 344. 

Those in the art should appreciate that the hardware shown in FIG. 4 does not monitor or otherwise take 
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FIG. 5 shows typical power transfer characteristics of an electronic amplifier or circuit, such as power 
amplifier section 136, designed to have an output impedance of 4 ohms. FIG. 5 shows a graph of the power 
consumed by various resistive loads when using a .+-.30 volt (peak) AC power source and a maximum 
signal voltage of .+-.27 volts (peak). As expected, the curve 380 has a portion 382 which rises as the load 
impedance increases from 1 ohms to 4 ohms, and a portion 384 which decreases as the load impedance 
changes from 4 ohms to 10 ohms. In order to make the power amplifier section 136 operate effectively 
over a relatively wide range of impedances from about 2 ohms to about 10 ohms, a power limit of 35 watts 
is imposed by design upon the performance of amplifier section 136, even though at 4.0 ohms it could, if 
unrestricted, deliver a maximum power of 90 watts. Limiting a power amplifier to a fixed upper power 
limit, such as 35 watts, is a well-known design technique for audio power amplifiers, and need not be 
described further here, other than to note that such techniques are used in power amplifier section 136 of 
the present invention. 

In FIG. 5, the second and third sets of numbers below the horizontal axis are labeled Z.sub.PRI and 
Z.sub.SEC, and represent the primary and secondary impedances of the 30:1 step-up transformer 262. 

FIGS. 6 and 7 help illustrate graphically the validity of the design concept of the present invention. FIG. 6 
shows the variance in electrical power consumption between two distinct families of ultrasonic ( A ) 
transducers with the families having very different resonant frequencies. Curves 400, 402 and 404 
represent the average power consumed by four transducers in one family from one commercial supplier 
(Southtown Machine Co. of St. Louis, Mo.) at power levels of 50%, 70% and 100% (where 100% =35 
watts). This first family of transducers has a nominal impedance of 8.4 kilo-ohms and a resonant frequency 
of about 28.2 KHz, Curves 410, 412 and 414 represent the average power consumed by eight transducers 
from another commercial supplier (Lavezzi Precision, Inc. of Elmhurst, 111.) at power settings of 50%, 70% 
and 100%. This second family of transducers had a nominal impedance rating of 4.2 kilo-ohms, and a 
resonant frequency in the range of 29.1 to 29.25 KHz. Thus, FIG. 6 shows that there is a tremendous 
variance in resonant frequencies and in electrical power consumption between two distinct populations of 
ultrasonic ( A ) transducers. 

It would be very desirable to have a single phaco probe drive system that would operate phaco probes 
using transducers from either family successfully and without much if any variance in probe performance. 
The probe driving circuitry of the present invention does this. The differences between the peak power 
consumption and the resonant frequencies of the two populations of transducers is of no major concern. In 
order to have both families of transducers being successfully driven by the electronic control system of the 
present invention, then only the power amplifier selection and frequency band widths of the various 
sections of the control system need be selected and designed to operate over the desired range of 
frequencies. As may be seen from FIG. 5, the power amplifier section 136 is easily made to operate over a 
primary impedance range of 2.2 ohms through 10.4 ohms by simply limiting the maximum power 
produced by amplifier section 136 to an appropriate fraction of its peak power, such as about 35 percent as 
shown in FIG. 5. 

In prior art driving systems for phaco probes, the difference in peak electrical power consumption between 
transducers populations is a major concern, particularly for drive systems employing a constant voltage 
strategy. In fact, the graphs in FIG. 6 were generated from a nearly constant voltage drive source. The input 
voltage to the power amplifier driving the RLC transformer section was constant, but there was no 
compensation circuitry to maintain the output voltage constant. So as the load impedance varied, so did the 
output voltage of the power amplifier because of the voltage divider relationship between the load 
impedance and source (output) impedance. This relationship is largely responsible for the power transfer 
characteristics shown in FIG. 6. 

FIG. 7 demonstrates the similarities between transducer performance of the two populations of transducers 
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each one used must be met. First, the maximum power consumed by the probe at the apparent resonant 
frequency F. sub.AR must be greater than or equal to a predetermined power level, such as 12 watts. 
Second, the frequency F.sub.AR must fall between 27 kilohertz and 31.5 kilohertz. Third, the half-power 
band for the transducer/probe must be less than or equal to 1,000 Hz. In other words, at 0.5 KHz above and 
at 0.5 KHz below the frequency F.sub.AR, the power consumed by the transducer/probe must be less than 
or equal to one-half of the maximum power consumed (F.sub.Pmax) at the frequency F.sub.AR. The fourth 
criterion which must be satisfied is that the consumed power at each of a selected number of readings 
below and closest to the frequency F.sub.AR, and each of the readings at a selected number of readings 
above the frequency F.sub.AR must monotonically decrease with increasing distance from F.sub.AR. The 
selected number of readings is preferably five. A fifth criterion is also preferably employed. This criterion 
requires that all readings more than 500 Hz away from the frequency F.sub.AR be less than or equal to a 
predetermined fractional value of P.sub.max, such as less than 50% of P.sub.max. . 

The software used in microcomputer 122 which implements the calibration procedures mentioned above 
and operates control system 120 in the following manner (See FIGS. 3 and 4). During the initialization of 
the microcomputer 122, the VCO section 1 34 is interrogated to determine its response under minimum and 
maximum conditions in order to verify that it is operational and to determine its frequency response. The 
signal applied to the VCO is simply a DC voltage signal which varies from 0 to 5 volts, and which is 
produced by a DAC 210. Frequency counter 216 is used to determine the frequency of the output signal 
being produced by VCO 212. Frequency counter 216 is digitally interrogated by the microprocessor 124 as 
previously explained with respect to FIG. 4, in the following manner. 

The minimum condition or zero volts signal on line 226 is represented by all zeros in the 12-bit word 
C.sub.F sent to DAC 210 and the frequency output produced by VCO 212 is then determined. Normally it 
is about 35 KHz. Then, the maximum condition, namely, all ones in the 12- bit word C.sub.F is sent to the 
DAC 210 and the output frequency of the VCO 212 in response thereto is counted and reported by the 
frequency counter 216. (The VCO 212 is assumed to have a linear response between the two values tested 
for.) 

The calibration procedure employed to determine the dominant resonant frequency F.sub.DR of the 
transducer/probe combination has two phases, a "coarse" phase and a "fine" phase. The output of the power 
amplifier section 136 is run at a 50% level for all steps of the coarse phase and fine phase. During the 
coarse phase, the following steps take place. The desired frequency of the probe is assumed to be 
somewhere between 27.0 KHz and 31.5 KHz. To assure that appropriate readings are taken, the frequency 
of the VCO is swept from 26.5 KHz up to 32.0 KHz. During the coarse phase, the frequency is 
incremented by 100 Hz with each successive power reading taken. At each 100 Hz increment from 26.5 
KHz to 32 KHz, the (apparent) electrical power consumed by the probe is read by the power monitor 
section 138 and stored in RAM 125 of microcomputer 122. At the end of this coarse sweep, one of these 
readings will be the highest and is designated P.sub.max, and its associated frequency will be presumed the 
apparent resonant frequency F. sub.AR. 

Next, the frequency F.sub.AR is checked in several ways to determine whether it is a true or dominant 
resonant frequency, and whether the ultrasonic ( A ) transducer within the probe appears to be working 
properly. First, the frequency peak is checked to make sure it is within 27.0 to 3 1.5 KHz. Second, the peak 
amplitude P.sub.max must be above a predetermined minimum, such as 12 watts. (This minimum will be a 
function of the power level applied to the probe during the coarse sweep, and will normally be some value 
such as 65 or 75 percent of the sweep power level.) Third, for the five closest readings to and below 
frequency F.sub.AR, and the five closest readings to and above frequency F.sub.AR, each consumed power 
level must monotonically decrease from P. sub.max with increasing distance from the frequency F.sub.AR. 
Fourth, the lower and upper power half-bands must occur respectively within F. sub.AR -500 Hz, and 
F.sub.AR +500 Hz. That is to say, the power consumed at F.sub.AR -500 Hz and at F.sub.AR +500 Hz 
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FIG 3 is a simplified block diagram of the electronic control system of the present invention for calibrating 
and driving an ultrasonic ( A ) transducer used in a phaco handpiece of the general type shown m FIG. 1; 

FIG. 4 is a detailed block diagram of the FIG. 3 control system showing the various functional components 
of the electronic hardware thereof. 

FIG 5 is a graph illustrating the power transfer characteristics of the power amplifier section of the FIG. 3 
control system, and how they can be utilized to apply a constant power limit to phaco probes having wide 
range of input impedances; 

FIG 6 are two sets of graphs showing the output power versus input frequency response characteristics or 
curves obtained from two different types of phaco probes driven at 50, 70 and 100 percent power levels by 
a 35 watt power amplifier set up to drive a 6 kilo-ohm load; 

FIG 7 shows the output stroke versus percent power command characteristics of the phaco probes used to 
generate the FIG. 6 graphs when such probes are driven by the electronic control system of the present 
invention; and 

FIG 8 is an annotated grapli showing a prototypical output power versus input frequency curve for a phaco 
probe, which helps illustrate the calibration method of the present invention used to qualify phaco probes 
and determine their resonant frequency. 



Claims 

We claim: 

1 A method for automatically determining the resonant frequency of a surgical ( A ) instrument powered by 
an ultrasonic ( A ) transducer, and for driving the transducer to automatically maintain constant power 
output, comprising: 

providing an alternating current electric driving signal having a substantially constant voltage amplitude to 
drive the ultrasonic ( A ) transducer at each of a plurality of frequencies; 

monitoring electrical power consumed by the instrument by measuring voltage applied to and current 
drawn by the instrument at each of said plurality of frequencies; 

selecting a dominant frequency by determining which frequency, out of those frequencies which were 
monitored, had the greatest electrical power consumed by the instrument; 

setting the driving signal at said dominant frequency; and 

driving the ultrasonic ( A ) transducer at said dominant frequency while automatically varying the voltage 
amplitude of the driving signal to maintain substantially constant power output independent of changing 
conditions experienced by the instrument. 

2. A method for automatically determining the resonant frequency of a surgical ( A ) instrument powered by 
an ultrasonic ( A ) transducer, and for driving the transducer to maintain constant power output, comprising 
the steps of: 

providing an alternating current electric driving signal having a substantially constant voltage amplitude to 
drive the ultrasonic ( A ) transducer at each of a plurality of frequencies within a given range of frequencies; 
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r resonant frequency with amounts of power consumed by the instrument at frequencies below the apparent 
resonant frequency, and at frequencies above the apparent resonant frequency, where the frequencies are a 
successively greater incremental distance from the apparent resonant frequency, and comparing the power 
consumed at the instrument with a predetermined value. 

8. A method as in claim 7, wherein: 

said pluralities of frequencies are within a band of frequencies from about 26 KHz to about 32 KHz; 
the first and second frequencies are at least about 100 Hz from the apparent resonant frequency. 

9. A method as in claim 2, wherein: 

said plurality of frequencies is within a band of frequencies from about 26 KHz to about 32 KHz; and 
the first and second frequencies are at least about 100 Hz from the apparent resonant frequency. 

1 0. An electronic control system for determining the dominant resonant frequency of an ophthalmic 
surgical ( A ) instrument containing an ultrasonic ( A ) transducer and for thereafter driving said transducer 
at its dominant resonant frequency for a constant power output at a specified power level comprising: 

means for producing an alternating current ("AC") electrical signal at each of a plurality of frequencies to 
power the ultrasonic ( A ) transducer; 

means for monitoring electrical power consumed by the transducer from the AC electrical signal at each of 
said plurality of frequencies; 

means for selecting an apparent resonant frequency by determining which frequency within the range of 
frequencies is the dominant resonant frequency under test conditions; 

drive means for generating an AC electrical signal at the selected apparent resonant frequency and for 
delivering said electrical signal to said transducer; and 

automatic closed loop feedback control means, responsive to the means for monitoring, for adjusting the 
voltage amplitude of the AC electrical signal produced by said drive means to maintain the power 
consumed by the ultrasonic ( A ) transducer at a substantially constant level substantially independent of 
changing conditions experienced by the instrument hen the to substantially continuously achieve the 
specified power level. 

11. The apparatus of claim 10, further comprising: 

means for determining whether the frequency at which the transducer appears to consume maximum power 
is a true peak frequency relative to at least one adjacent frequency above and at least one adjacent 
frequency below said apparent resonant frequency. 

12. An apparatus as in claim 10, wherein: 

the drive means includes means for producing electrical signals having a first signal representative of a 
desired power level; 

the means for monitoring includes means for producing a power feedback signal representative of the 
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